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Preface to ”Biodiversity and Ecosystem Functioning

in Naturally and Experimentally Assembled

Communities”

In short, the term “ecosystem functioning” describes the interactions between life (i.e., plants,

animals, and microorganisms) and the abiotic environment. While the significance of plants, animals,

and microorganisms for ecosystem functioning is well known (e.g., maintaining biogeochemical

processes), the role of biodiversity (e.g., abundance and distribution of organisms) in maintaining

ecosystem functioning remains largely unknown. As biodiversity is severely threatened by global

change, studying the consequences of biodiversity loss for ecosystem functioning is more topical

than ever. In this context, each individual study on biodiversity and ecosystem functioning (BEF)

can contribute to the overall picture of the underlying relationships. This book comprises a

collection of review and research articles covering a broad range of BEF relationships in naturally

and experimentally assembled communities. We thank all authors for their contributions (a short

summary is given in the Editorial, pp. 1–3).

“It is the range of biodiversity that we must care for—the whole thing—rather than just one or two stars.”

(Sir David Attenborough).

Daniel Puppe, Panayiotis Dimitrakopoulos, and Baorong Lu

Editors
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Editorial

Biodiversity and Ecosystem Functioning in Naturally and
Experimentally Assembled Communities

Daniel Puppe 1,*, Panayiotis G. Dimitrakopoulos 2,* and Baorong Lu 3,*

1 Leibniz Centre for Agricultural Landscape Research (ZALF), 15374 Müncheberg, Germany
2 Department of Environment, University of the Aegean, 81132 Mytilene, Greece
3 Department of Ecology and Evolutionary Biology, School of Life Sciences, Fudan University,

Shanghai 200333, China
* Correspondence: daniel.puppe@zalf.de (D.P.); pdimi@env.aegean.gr (P.G.D.); brlu@fudan.edu.cn (B.L.)

Numerous studies have proved that biodiversity and ecosystem functioning (BEF) are
closely linked. In this context, interactions between biodiversity and ecosystem functions,
such as biomass production, trophic transfer through plants and animals, and pollination,
have been in the focus of research [1–3]. Based on this, we now know that biodiversity
promotes biomass production and pollination success, for example. However, regarding
other BEF relationships, the drawing of general conclusions is hampered by the fact that
different studies often show inconsistent results. Thus, for a better understanding of BEF
relationships, detailed research on the underlying mechanisms is urgently needed. This
knowledge is crucial for harmonizing research findings and to craft policies for the conserva-
tion of biodiversity, as it is severely threatened by global warming and other anthropogenic
environmental changes (e.g., pollution, resource depletion, or species invasions).

In this Special Issue, two review and thirteen research articles dealing with a broad
range of BEF relationships are published. The first review article provides a comprehensive
overview of the current knowledge of autotroph–herbivore interactions in marine ecosys-
tems, using macroalgae as a role model to describe the effects of macroalgal properties
(e.g., nutrient composition or defense mechanisms) on herbivore feeding behavior [4]. The
second review article presents METAL (MacroEcological Theory on the Arrangement of
Life), which uses niche-environment interactions to explain phenomena such as phenology,
biogeographical shifts, and community arrangement/reorganization [5]. The research
articles in this Special Issue comprise studies on various forms of life (from microbiota,
such as bacteria and fungi, to macrobiota, including tulips, monkeys, or giant pandas) in
different terrestrial and aquatic ecosystems (e.g., grasslands, rivers, or marine hydrother-
mal vents), as well as in farming systems. In the first research article, wheat–faba-bean
mixtures were studied to shed light on the phenomenon whereby increased diversity (e.g.,
represented by cereal–legume mixtures) in crop systems is often associated with higher
yields and ecological sustainability compared to monocultures [6]. Let et al. [7] analyzed
the effects of environmental pollution on the biodiversity (measured by abundances) of
the larvae of aquatic insects, i.e., mayflies (Ephemeroptera), stoneflies (Plecoptera), and
caddisflies (Trichoptera), in a river in central Bohemia (Czech Republic). The third research
article deals with plant diversity and its relationships with soil microbes, i.e., bacteria
and fungi, in semi-arid grassland in China, highlighting the critical role of soil microbe
diversity in regulating soil multifunctionality [8]. Arunrat et al. [9] compared the microbial
diversity, community composition, and functional structure of bacterial communities be-
tween rice–fish co-cultures and rice monoculture farming systems in Thailand to identify
environmental driving factors of bacterial compositions in these systems. Man et al. [10]
investigated microbes in Sphagnum-dominated peatlands in central China to unravel the
linkages between different types of Sphagnum and the diversity and ecological functions
of Sphagnum-associated microbiomes. In the sixth research article, the effects of village de-
velopment on the habitat quality of the Yunnan snub-nosed monkey (Rhinopithecus bieti) in

Biology 2023, 12, 835. https://doi.org/10.3390/biology12060835 https://www.mdpi.com/journal/biology
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south China were evaluated to derive strategies for the protection of the habitats of these
endangered monkeys [11]. Smeti et al. [12] performed a field study across nine rivers in
Greece to analyze biodiversity–biomass relationships in benthic diatoms, which have been
largely under-studied until now. Jia et al. [13] analyzed the distribution and microhabitat
selection of the giant panda (Ailuropoda melanoleuca) in China to develop practical habitat
conservation and management measures. In the ninth research article, rice straw and
stubble burning in paddy fields in central Thailand was examined to assess changes in
soil bacterial communities and soil properties after burning [14]. In the tenth research
article, the plasticity of the grass Aeluropus lagopoides in saline habitats of Saudi Arabia was
studied to better understand the interactions between the morphological parameters of
plants and their environment [15]. Bilias et al. [16] analyzed the natural nutrient status and
rhizosphere fungal morphotypes of wild-growing tulips in Greece to gain deeper insights
into the adaptation of tulips to the environment. Cai et al. [17] examined crop-weed intro-
gression (i.e., the transfer of genetic material from one species into the gene pool of another
species) promoted by the change in rice cultivars to better understand weedy plant evolu-
tion and human influences in agroecosystems. Last but not least, Gheibzadeh et al. [18]
studied alpha, beta, and gamma carbonic anhydrases (i.e., metalloenzymes that catalyze the
hydration of carbon dioxide) in the thermophilic microbiome of marine hydrothermal vents
to detect horizontal gene transfer, which is discussed as an important tool in maintaining
microbial biodiversity in these harsh ecosystems.

All the articles in this Special Issue provide in-depth discussions on various aspects of
BEF relationships in naturally and experimentally assembled communities. The articles in
this Special Issue will help to substantially deepen our understanding of BEF interactions
and to elaborate biodiversity conservation in a changing world. Therefore, the collection of
these articles is of great interest not only for scientists in this field, but also for students,
university teachers, and policymakers, as well as those who are interested in BEF in general.

Conflicts of Interest: The authors declare no conflict of interest.
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Marine Autotroph-Herbivore Synergies: Unravelling the Roles
of Macroalgae in Marine Ecosystem Dynamics

Acga Cheng 1, Wai Yin Lim 1,2, Phaik-Eem Lim 1,2, Affendi Yang Amri 2, Sze-Wan Poong 2, Sze-Looi Song 2,3,* and

Zul Ilham 1,4,*

1 Institute of Biological Sciences, Faculty of Science, Universiti Malaya, Kuala Lumpur 50603, Malaysia
2 Institute of Ocean and Earth Sciences, Universiti Malaya, Kuala Lumpur 50603, Malaysia;
3 Institute for Advanced Studies, Universiti Malaya, Kuala Lumpur 50603, Malaysia
4 Department of Biological and Environmental Engineering, College of Agriculture and Life Sciences,

Cornell University, Ithaca, NY 14850, USA
* Correspondence: szelooi@um.edu.my (S.-L.S.); ilham@um.edu.my (Z.I.); Tel.: +60-37967-4014 (Z.I.)

Simple Summary: Invasive species are a leading hazard to marine ecosystems worldwide, coupled
with climate change. Tackling the emerging biodiversity threat to maintain the ecological balance
of the largest biome in the world has now become a pivotal part of the Sustainable Development
Goals (SDGs). Marine herbivores are generally regarded as biological agents that restrict invasive
species, and their efficiency depends on their dietary habits, especially the autotrophs they eat. Many
researchers have found contradicting findings on the effects of nutritional attributes and novelty
of autotrophs on herbivore eating behaviour. In light of the scattered literature on the mechanistic
basis of autotroph-herbivore interactions, we provide a comprehensive review to fill knowledge gaps
about synergies based on macroalgae, an important group of photosynthetic organisms in the marine
biome that interact strongly with generalist herbivores. We also analyse macroalgal defence measures
against herbivores, underlining unique features and potential roles in maintaining marine ecosystems.
The nutritional qualities, shape, and novelty of autotrophs can alter herbivore feeding behaviour.
Future research should explore aspects that can alter marine autotroph-herbivore interactions to
resolve inconsistent results of specific features and the uniqueness of the organisms involved.

Abstract: Species invasion is a leading threat to marine ecosystems worldwide, being deemed as
one of the ultimate jeopardies for biodiversity along with climate change. Tackling the emerging
biodiversity threat to maintain the ecological balance of the largest biome in the world has now
become a pivotal part of the Sustainable Development Goals (SDGs). Marine herbivores are often
considered as biological agents that control the spread of invasive species, and their effectiveness
depends largely on factors that influence their feeding preferences, including the specific attributes of
their food–the autotrophs. While the marine autotroph-herbivore interactions have been substantially
discussed globally, many studies have reported contradictory findings on the effects of nutritional
attributes and novelty of autotrophs on herbivore feeding behaviour. In view of the scattered liter-
ature on the mechanistic basis of autotroph-herbivore interactions, we generate a comprehensive
review to furnish insights into critical knowledge gaps about the synergies based largely on the
characteristics of macroalgae; an important group of photosynthetic organisms in the marine biome
that interact strongly with generalist herbivores. We also discuss the key defence strategies of these
macroalgae against the herbivores, highlighting their unique attributes and plausible roles in keeping
the marine ecosystems intact. Overall, the feeding behaviour of herbivores can be affected by the
nutritional attributes, morphology, and novelty of the autotrophs. We recommend that future research
should carefully consider different factors that can potentially affect the dynamics of the marine
autotroph-herbivore interactions to resolve the inconsistent results of specific attributes and novelty
of the organisms involved.
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Keywords: autotroph-herbivore interactions; feeding behaviour; macroalgae; marine herbivores;
nutrient acquisition

1. Introduction

In recent decades, mounting evidence suggests that biological invasions by invasive
(also called alien or non-native) species are a growing threat to global biodiversity, and is
exacerbated by climate warming [1,2]. Globalization, the transformation of technological
regimes and expansions of transportation networks which modify the marine habitats
are other recognized drivers behind the rapid shifting of invasive species across a broad
geographical range [3–5]. In a narrower sense, species invasions can adversely influence
the dynamics of specific communities, particularly concerning the extirpation of native
species [6,7] and the reduction of species richness [8]. Climate, recipient communities, and
invaders are considered the prime determinants of invasion impacts, with the characteristics
of recipient communities being the most critical determinant [9]. The mechanisms of
invasion impact on the diversity of native species, however, are still not well understood
and in fact, previous findings on invasion consequences for species richness have been
contradictory; viz., either positive, negative, neutral, or multifarious impacts [9]. This
invasion paradox has led to many controversial debates over the past two decades [10].
The diversity and impact of invasive species on marine ecosystems are extensively covered
in a recent review by Salimi et al. (2021) [11].

Studies on aquatic ecosystems showed that the interactions between marine herbi-
vores and various plants and/or algae (hereinafter referred to as the “autotrophs”) could
reduce or even prevent the detrimental impacts of species invasions [12,13]. Lyons and
Scheibling [14] reported that the establishment of the invasive green algae Codium fragile
was enhanced by sea urchin food preference for kelps under increased water temperature
and wave action, leading to increased herbivore pressure on local kelp stands. By and large,
generalist marine herbivores such as most fishes and sea urchins that feed on autotrophs
are common biological control agents that suppress the establishment and abundance of
invasive species in the recipient communities [15,16]. It has been reported that the feeding
(or grazing) preferences of the herbivores can determine the relationship between native or
invasive autotrophs [17,18]. Recent findings also suggested that mechanisms underlying
autotroph palatability could help resolve the inconsistent results of novelty [19,20].

Since the 1980s, efforts have been undertaken to understand the foraging behaviour
of generalist marine herbivores [21–24]. Their selective foraging behaviour, which aims
chiefly to regulate their nutritional needs for growth, fecundity, and performance [25,26],
has been found to exert a profound impact on the biological structure of many marine
ecosystems [27]. As such, theoretic insights on the nutritional relationships between herbi-
vores and autotrophs will assist in the control and management of invasive species [28–30].
Generalist herbivores have also been found to make their food selection based on autotroph
palatability, which depends primarily on their other unique attributes including, among
others, secondary metabolites, morphology and physical stress [31–35]. Significant research
has been devoted to examining the role and importance of some secondary metabolites
in the survival and adaptation of autotrophs [36–38], but less attention has been paid to
dissecting the value of their other attributes that may also influence the preferences of
herbivores, i.e., whether to feed on native or invasive plants, or both [12]. It is worth
noting that autotrophic characteristics may have the opposite effect on autotroph-herbivore
interactions in controlled experimental studies where herbivores are restricted to a single
autotroph species than in effects seen in field studies where herbivores are free to move
around and cause natural autotroph damage. Future research examining the significance
of autotroph features in interactions between autotrophs and herbivores must therefore
carefully take into account the context in which the relationships have been observed [19].
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In this study, relevant research papers are selected based on the pre-determined key
search criteria (autotroph-herbivore interactions, feeding behaviour, macroalgae, marine
herbivores, nutrient acquisition) and accessed via a reliable online database of reputable
journals. One hundred and seven papers have been validated and reviewed comprehen-
sively. At present, the available literature on the interactions between autotroph palatability
and their various attributes on the nutritional ecology of marine herbivores is scattered
and fragmentary [39–41]. It is also important to note that the chemical compounds in
autotrophs that attract or deter their feeders are not well-addressed [42,43]. This review
provides an overview of the unique attributes of macroalgae, which generally refers to the
primary marine autotrophs and photosynthetic eukaryotes other than terrestrial plants that
are capable of interacting strongly with marine herbivores [44]. Several key factors that
can influence the feeding preferences of herbivores will be discussed, providing a better
understanding of the interactions between autotrophs and herbivores that can potentially
increase the ecological resilience of the marine biome. These are in line with the global
trends in the marine sciences and sustainable development challenges, particularly in
achieving the SDGs.

2. Marine Algae and Their Unique Attributes

Algae are the ultimate source of nutrients and energy for other organisms living in
aquatic ecosystems. Although not considered plants, algae are photosynthetic in nature
and produce over 70% of the global oxygen content [45–47]. Algae are also effective at
sequestering carbon by converting almost 50% of the atmospheric carbon dioxide into
organic molecules that build essential cellular constituents and intensify their energy
production [48–52]. Macroalgae, being the most important primary producers in the
oceans, house a wide range of nutritional quality within and among groups which of-
ten influences their palatability to herbivores [25,53]. For the most part, the proteins in
macroalgae contain important amino acids, particularly the ones that cannot be synthesized
by the animal body [54,55]. Animal hosts can thus obtain all these essential amino acids
through symbiosis with the algae [56]. A variety of macroalgae reproduce either exclu-
sively sexually or asexually, whilst some species demonstrate an alternation of generations
involving both reproductive strategies in succession [57–59]. The following subsections
discuss the unique characteristics and ecological relationships of each major group of
macroalgae, including red algae (Rhodophytes), brown algae (Phaeophytes), and green
algae (Chlorophytes) [51,52]. Figure 1 depicts the three major groups of macroalgae and
examples of their common species.

2.1. Red Algae (Division Rhodophyta)

The first group is the eukaryotic red algae, or the Rhodophytes, comprising more
than 6000 species of primarily marine algae ranging from microscopic to macroscopic
in size [60,61]. These algae store their energy as a specialized polysaccharide, known as
floridean starch, and their cell walls are made of unique cellulose and polysaccharides,
such as agars and carrageenan galactans [62–64]. However, some other red algae may
adopt sulfated mannans or neutral xylans as the main cell wall components rather than
carrageenans [63]. Their photosynthetic pigments include chlorophylls a and d, while their
accessory pigments are carotenoids, phycobilins, and xanthophyll [60,65,66] (Table 1). Some
notable examples of red algae are, among others, filamentous species like Pleonosporum spp.
and coralline algae like Porolithon spp., which contribute significantly to the building of
tropical reefs and thalloid species. It is worth noting that the red algae have no flagellated
cells or cells with any vestigial structure of flagellation [20]. Irish moss (Chondrus crispus
Stackhouse), also known as the carrageen moss, is an example of an economically important
red alga which has been used to bind proteins together to stabilize and add texture to
various foods and beverages like ice cream, yogurt, and deli meats [67,68]. Another
economically and nutritionally important species of red algae is nori (Porphyra umbilicalis
Kützing); a high-protein and high-fibre algae which is commonly used in Japanese cuisine
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as an ingredient to wrap sushi [69]. Porphyra was proved to have the greatest protein
content (ca. 35%) among the marine macroalgae, while some members of the brown algae
in the order Laminariales have the lowest content (ca. 7%) [70,71].

 

Figure 1. Major groups of macroalgae and examples of their common species.

Table 1. Major groups of macroalgae and their attributes.

Major Groups Pigments Cell Wall Storage Components

Red algae
(Rhodophytes)

Chlorophyll a (d in some Florideophyceae),
R- and C- phycocyanin, allophycocyanin,
R- and B-phycoerythrin, Alpha- and
Beta-carotene, xanthophylls

Cellulose, xylans, galactan,
alginate in corallinaceae Floridean starch

Brown algae
(Phaeophytes)

Chlorophyll a, c, Beta-carotene,
fucoxanthin, xanthophylls Cellulose, alginic acid, fucoidan Laminaran, mannitol

Green algae
(Chlorophytes)

Chlorophyll a, b, Alpha-, Beta- and
Gamma- carotene, xantophylls

Cellulose, hydroxyproline
glucosides, xylans, mannans,
absent wall, calcified in some

Starch, oil
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2.2. Brown Algae (Division Chromophyta)

In contrast to other algal groups, brown algae or the Phaeophytes are mostly developed
from a secondary endosymbiosis event which involved a non-photosynthetic eukaryote and
a unicellular red alga. Resultantly, brown algae exhibit several morphological and metabolic
features that make them the most complex macroalgae [72]. Phaeophytes are mostly macro-
scopic in size, inclusive of the giant kelp (Macrocystis pyrifera (Linnaeus) C.Agardh), which
can grow up to 10 m in length [73]. Most of the approximately 1800 species of brown
algae live in the marine environment, especially in cool temperate waters located in both
the Northern and Southern Hemispheres [74,75]. Fucans and alginates are the specific
polysaccharides compounds, which can be found in the cell wall of brown algae [72].
Generally, brown algae consist of three distinctly recognizable parts–the holdfast, stipe,
and leaf-like blades [76]. The holdfast is a root-like structure at the bottom, which is often
joined by a stipe to one or more leaf-like blades depending on the species. The blades
serve as the primary surface for important processes including photosynthesis and nutrient
exchange in the algae [77,78]. Although photosynthesis takes place predominantly in the
blades, it is crucial that the stipe has the adequate length to place the blades sufficiently
close to the light source. Alternatively, algae can absorb sufficient light by swelling the
body (thallus) or increasing their growth rate [79]. The photosynthetic pigments in brown
algae are chlorophylls a and c, and their accessory pigments include carotenoids and
xanthophylls [80] (Table 1). Fucoxanthin contains brown-coloured pigment and the unique
xanthophyll in brown algae which gives them their characteristic dark colour [81]. Unlike
red algae, most of the brown algae have two flagella which help them achieve locomo-
tion [82]. Some examples of brown algae include the rockweeds (Ascophyllum spp. and
Fucus spp.) and the giant kelps (Macrocystis sp.). These algae usually contain laminarin and
mannitol, storage sugars which can be fermented to make alcohol [83]. Some brown algae
possess the ability to take up certain important substances from seawater. For instance, the
iodine concentration in an edible kelp, kombu, can be thousands of times as great in the
cells of the species as in its surrounding water [84].

2.3. Green Algae (Division Chlorophyta)

On the other hand, green algae or the Chlorophytes are generally more closely related
to the higher plants in comparison to brown and red algae, in particular their chloroplast
structure [85,86]. The cell walls of most species of green algae are built mainly by cellulose,
with some incorporation of glycans (hemicelluloses) [87]. Their photosynthetic pigments in
the chloroplast are chlorophylls a and b, while their accessory pigments are carotenoids
and xanthophylls, found in embryophytes [87] (Table 1). Green algae comprise of 9000 to
12,000 species, with the majority of them occurring in freshwater rather than the marine
environments [86,87]. Most green algae are microscopic, except for a small number of
species in some specific genera such as those in Cladophora which are multicellular and
macroscopic [87–89]. The unicellular genera Chlamydomonas and Chlorella are some common
examples of green algae in both marine and freshwater ecosystems worldwide, which
consist of species that disperse in a wide range of habitats [90]. An example of more complex
green algae includes Volvox, which forms large hollow-spherical colonies that consist of
thousands of cells [91]. The green algae Ulva spp., Caulerpa spp., Enteromorpha spp., and
Codium spp. are commonly used as a food source for humans. The Ulva spp., known
generally as sea lettuce, are extensively consumed in many Asian countries especially in
Japan, China, and the Republic of Korea [86,92]. Access to nitrogen is one of the major
limiting factors in the growth of green algae on the grounds that most of them thrive in
shallow water [93]. Nevertheless, the increased runoff of fertilizer-related nitrogen into the
oceans, mainly from agriculture has created favourable conditions for the growth of green
algae and also other groups of algae in the past few decades [94]. According to Lee (2018),
the majority of green algae form zoogametes, which are motile flagellated gametes [20].
The review by Moreira et al. (2021) details how macroalgae from various divisions differ in
their flagellal construction, orientation, and life cycle in general [89].
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3. At a Glance: Key Defence Strategies of Marine Macroalgae against Herbivores

The base of a marine food web is dominated by photosynthetic autotrophs, notably
macroalgae and microalgae (phytoplankton), which are the main producers of half of
the Earth’s oxygen and also the organic carbon required by all marine animals to sur-
vive [95–98]. The next level of the marine food web is made up of herbivores, from small
zooplankton to larger animals (such as herbivorous fishes and manatees) that eat up a
huge number of macroalgae [99–101]. Figure 2 illustrates a simplified conceptual model
of the interaction between different levels of the marine food web, including macroalgae,
herbivore, and predator, with the non-native autotroph having direct defences against
herbivores. The interactions between herbivores and macroalgae are indeed one of the
key drivers of marine ecosystem dynamics, gaining increasing scientific attention in recent
decades (Table 2). Unfortunately, the synergies are currently being altered by climate
change, affecting macroalgae growth rates and phenology, expression of chemical defenses,
and herbivore behaviour and metabolism [102–111]. These macroalgae, however, have
developed a variety of defence mechanisms to help them avoid herbivory and ensure their
survival and abundance, as discussed in Sections 3.1 and 3.2.

Figure 2. Conceptual model of macroalgae-herbivore-predator interaction.

Table 2. Key findings in autotroph-herbivore studies conducted since 2000.

Location Autotroph(s) Herbivore(s) Key Findings Reference

Australia Algal turfs Herbivorous fishes (Acanthuridae,
Scaridae and Siganidae)

Fish response mechanisms to
habitat-specific differences in food
production remain unclear

[112]

Caribbean and Brazil Macroscopic algae Herbivorous fishes
(Acanthuridae and Scaridae)

Temperature-related feeding processes are
most likely involved in the distribution
patterns of herbivores

[113]

Caribbean-Florida Sea grass beds Herbivorous fishes (Acanthuridae,
Scaridae, and Pomacentridae)

Robust herbivorous fish
assemblages can limit reefs from
further macroalgal domination

[114]

Colombia Macroalgae

Herbivorous fishes (Gobiidae,
Pomacentridae, Labridae,
Mugilidae, Labrisomidae,
Gobiesocidae and Muraenidae)

Small crustacean prey items dominated the
diets of most species. Macroalgae and
diatoms consumption by a significant
number of species was also observed

[115]

Caribbean Algal turfs Herbivorous fishes
(Acanthuridae and Scaridae)

Herbivores in promoting reef recovery and
resilience may depend on their feeding
preferences, abundance, and biomass

[116]
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Table 2. Cont.

Location Autotroph(s) Herbivore(s) Key Findings Reference

Red Sea Macroalgae Sea urchins and herbivorous fish
Herbivores as a crucial top-down
factor in controlling both benthic algal
biomass and composition

[117]

Japan Algal beds (kelp) Herbivorous fishes
(Acanthuridae and Scaridae)

The importance of temperature-mediated
fish herbivory in limiting the
development of kelp populations in
southern Japan is confirmed

[118]

Mediterranean Sea Algae Herbivorous fishes (Acanthuridae)
Expansion of tropical rabbitfishes poses a
major threat to shallow water
Mediterranean ecosystems

[118]

Portugal Seagrass Mesograzers (Amphipod and isopod)

Intraspecific variation should not be
ignored when classifying a single seagrass
species with respect to herbivory
vulnerability. Seagrass structural traits
confer mechanical resistance

[119]

Baltic Sea Phytoplankton Predatory zooplankton
Role of zooplankton
filter feeders in controlling the
development of phytoplankton

[120]

Malaysia Macroalgae Herbivorous fish (Chanidae)

Feeding behaviour of a
herbivore could be influenced by the
nutritional quality, morphology,
and geography of the autotrophs

[39]

3.1. Physical Defences

A multitude of scientific research indicated that ocean warming has caused ecolog-
ical impacts on various marine flora and fauna species across the globe, with a range of
species marching away from their native homes in search of cooler climes [120–133]. With
heatwaves sweeping through oceans twice as much as they did in the early 1990s, many bio-
diversity hotspots around the world are on the verge of imminent collapse. Many marine
algae exhibit morphological plasticity that allows them to thrive in diverse habitats with
various environmental pressures [134]. The study conducted by Diaz-Pulido et al. [134]
showed that the morphology of different species of brown algae (Padina boergesenii) was sig-
nificantly affected not only by herbivory but also by climatic and oceanographic factors, and
this suggested that algal response to herbivory could also be a seasonal process [135–139].
Populations from more variable environments are considered to be more plastic [140], and
algal phenotypic plasticity is potentially another pivotal mechanism that enables algae to
respond to either fluctuating environments [141] or species invasion [142]. According to
Fordyce [143], ecological interactions mediated by phenotypic plasticity, which are typical
in nature, depend heavily on the morphological responses of the interacting organisms.

Hard encrusting calcified algae are common in the tropics where grazing is severe.
Calcification of the coralline algal thallus is thought to have evolved as an adaptation to
protect reproductive structures from herbivory by developing a multi-layered thallus in
which reproductive structures are sunken beneath the calcareous surface cells and are thus
protected from grazer access [144]. The calcified thalli may also decrease digestibility and
in herbivorous herbivores (such as crabs) cause wear of chelipeds, mandibles, and the teeth
of the gastric mill [145]. Increasing anthropogenic CO2 emissions have led to elevated
oceanic pCO2 which may impact the structural integrity and protective function of the
calcified thallus by decreasing calcification rates, and thus increasing the vulnerability of
the coralline algae to bioerosion and grazing by excavating herbivores such as sea urchins
and parrotfishes [146]. Non-calcifying macroalgae, on the other hand, typically use thallus
toughness or mechanical strength as means of physical defence [136]. It is important to
note that herbivore foraging is not essentially detrimental to the marine autotrophs. For
example, limpets and chitons reportedly encourage coralline growth by regularly removing
algal epiphytes from the surface of the coralline algae, which is necessary to avoid eventual
overgrowing and killing of the coralline crust [147].
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3.2. Chemical Defences

The chemical strategies of defence against herbivore are complex and generally as-
signed to two defence mechanisms–the direct and indirect defences [103,109]. In response
to herbivory, direct defences are biologically mediated by autotroph chemistry and thus
these defences can change the biological functions of the herbivores, including their feeding
patterns, growth, and survival. In contrast, indirect defences against herbivory depend
upon other species such as the natural enemies of the herbivores [110,111] (Figure 2). The
chemical ecology of macroalgae has been widely elucidated in various regions and habitats,
focusing primarily on herbivore offence and oxidative burst responses, which are chemical
defences activated against pathogens and biofuels (Potin, 2008) [121–123]. An enormous
diversity of secondary metabolites is regularly produced by autotrophs in response to
herbivory in aquatic ecosystems [124,125]. Marine algae are known to be a viable source
of specialized metabolites that play a crucial role in the ecosystem and climate function-
ing [126,127]. Tropical macroalgal taxa have been reported to produce a higher diversity of
metabolites compared to their temperate counterparts, dominated by halogenated metabo-
lites, terpenoids, acetogenins, and phenolics [127,128]. Mainly regulated by developmental,
genetic, and environmental factors, these metabolites play diverse ecological functions in
macroalgae, from being deterrent against herbivores to defenders to fight against specific
pathogens and competitors for space with other marine organisms [127,129,130].

Over the past decade, considerable attention has been devoted to understanding
the interactions between algal halogenated compound production and the environment,
which includes global and anthropogenic climate changes [124,131]. Given that macroal-
gae produce a range of halogenated secondary metabolites, particularly chlorinated and
brominated compounds that are predominant in red (90%) and green (7%) macroalgae,
many studies have been conducted using these macroalgae to aid biosorption of pollu-
tants in both industry and agriculture [124,132]. It is worth noting that halogenation of
macroalgal components is involved in chemical defence mechanisms because halogenated
metabolites are often associated with antibacterial, antifungal, antibacterial, and antioxidant
properties [132,133].

4. Does Nutrient Acquisition in Algae Determine the Feeding Preferences of
Marine Herbivores?

Palatability can be broadly defined as the characteristics and conditions of autotrophs
that stimulate the animal to feed on them [33]. These include their structure, physical,
and chemical attributes [148]. It has been long recognized that macronutrient composition
influences palatability and foods that are higher in fat and protein content usually have
higher palatability in terrestrial and aquatic ecosystems [149,150]. In marine communities,
the preference and performance of the herbivores often relate directly to the nutritional
value of algae or some other autotrophs, which is driven mostly by the protein and ni-
trogen content [151–155]. For example, several studies on the high-value marine abalone
(Haliotis asinine) suggested that their diverse preferences are primarily influenced by the
protein and nitrogen content of macroalgae [156–172]. Table 3 shows some examples of
studies involving the interactions between marine autotrophs and herbivores based on the
herbivore nutrient acquisition since the 2010s.

Living organisms require nitrogen to synthesize amino acids, the basic building blocks
of protein that serve essential functions in virtually all biological processes [153]. Many
previous studies have pointed out that low nitrogen consumption is associated with re-
duced food intake in generalist marine herbivores [39,148,160–163]. The study by Barile,
Lapointe and Capo [156] on California sea hare (Aplysia californica) showed that this herbiv-
orous gastropod preferred to feed on gracilarioid algae (Gracilaria ferox) with high levels of
nitrogen. The lack of preference for protein-enriched algae (i.e., high-nutrient algae) can
be explained by the compensatory feeding behaviour of some herbivore species. Previous
studies reported the optimal growth rate and adequate intakes of limiting nutrients by
testing the consumption rates of different herbivores on the low nutritional quality of algae
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foods [39,43,164,165]. According to Bradley et al. (2021), herbivores may avoid species
that are less palatable or have lower nutritional value, which may affect their distribution
and abundance [164]. However, the distinct nutritional drivers underlying the feeding
preferences of specific marine herbivores are still a frontier that needs to be further explored.

Table 3. Examples of studies involving marine autotroph-herbivore interactions based on herbivore
nutrient acquisition since the 2010s.

Nutrient Marine Autotroph(s) Marine Herbivore(s) Ref(s)

Protein

Bull kelp (Durvillaea antarctica) Talitrid amphipod (Orchestoidea tuberculate) [25]

Blade tissue of bull kelp
(Durvillaea antarctica) Talitrid amphipod (Orchestoidea tuberculate) [167]

Red algae (Asparagopsis taxiformis) Abalone (Haliotis asinina) [151]

Grey weed (Lessonia nigrescens) Talitrid amphipod (Orchestoidea tuberculate) [48]

Green seaweeds White-spotted rabbitfish
(Siganus canaliculatus) [168]

Brown algae (Sargassum spp.)
Marine isopod (Idotea baltica), periwinkle
(Littorina littorea), and
green sea urchin (Psammechinus miliaris)

[29]

Epiphytic red algae Butterfish (Odax pullus) [26]

Bull kelp (Durvillea antarctica) Sea snail (Diloma nigerrima) [157]

Nitrogen

Sea grapes (Caulerpa racemosa) Purple sea urchin
(Paracentrotus lividus) [169]

Brown forkweed (Dictyota dichotoma) Long-spined sea urchin (Diadema antillarum)
and herbivorous fishes [170]

Brown algae (Sargassum yezoense) Sea urchin (Hemicetrotus pulcherrimus) [160]

Apical portions of brown algae fronds
(Sargassum spp.)

Parrotfish (Sparisoma aurofrenatum
and Sparisoma chrysopterum) [171]

Green algae (Ulva spp.) Purple sea urchin (Paracentrotus lividus) [163]

Marine macroalgal species near
Malaysian waters Milkfish (Chanos chanos) [39]

Carbon

Sea grapes (Caulerpa racemosa) Purple sea urchin (Paracentrotus lividus) [169]

Macrophyte species in Northwestern Europe Ringed China-mark (Parapoynx stratiotata [12]

Seagrass (Cymodocea nodosa) Purple sea urchin (Paracentrotus lividus) [163]

Phosphorus

Macrophyte species in Northwestern Europe Ringed China-mark (Parapoynx stratiotata [12]

Apical portions of brown algae fronds
(Sargassum spp.)

Surgeonfish (Acanthurus coeruleus) and parrotfish
(Sparisoma rubripinne and Sparisoma chrysopterum) [171]

Marine macroalgal species near
Malaysian waters Milkfish (Chanos chanos) [39]

Total phenolic

Bull kelp (Durvillaea antarctica) Talitrid amphipod (Orchestoidea tuberculate) [25]

Bladder wrack (Fucus vesiculosus) Flat periwinkle (Littorina obtusata) [172]

Bull kelp (Durvillaea antarctica) Talitrid amphipod (Orchestoidea tuberculate) [25]

Marine macroalgal species near
Malaysian waters Milkfish (Chanos chanos) [39]

Secondary metabolites

Bull kelp (Durvillaea antarctica) Talitrid amphipod (Orchestoidea tuberculate) [25]

Brown algae (Sargassum yezoense) Sea urchin (Hemicetrotus pulcherrimus) [160]

Brown algae (Sargassum muticum) Periwinkle (Littorina littorea), and green sea
urchin (Psammechinus miliaris) [29]

5. Conclusions

One of the SDGs is uniquely dedicated to life below water, which is to conserve and
sustainably use the oceans, seas, and marine resources for sustainable development. Never-
theless, maintaining the ecological balance of the largest biome in the world has become
more challenging, especially when human-induced climate change continues to rapidly
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affect the diversity of marine life in an adverse way. To tackle the major threats to biodiver-
sity, such as invasive species and habitat loss, it is worthwhile to dive into the unknown
interactions between autotrophs and herbivores–those organisms that rule the base of the
food chain. Theoretic insights on the synergies of autotrophs and herbivores in the marine
biome are therefore crucial in controlling and managing invasive species, which almost
always do more harm than good. A more concerted effort to test the major hypotheses
in invasion biology, for example, the biotic resistance and enemy release hypotheses, is
required to ensure the sustainability of the current marine ecosystems. Future research
that aims to develop theories of marine ecology should be carefully designed, looking into
various factors that can potentially affect the dynamics of different trophic levels within
one or several food webs, including geographic variation and important attributes of the or-
ganisms involved. We strongly recommend the integration of evolutionary novelty theory
with autotroph attributes and novelty in future studies to provide a better understanding
of the consequences of biological invasions in the marine biome.
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Simple Summary: Among such questions as the origin of the universe or the biological bases of
consciousness, understanding the origin and arrangement of planetary biodiversity is one of the
25 most important scientific enigmas according to the American journal Science (2005). This review
presents a recent theory called the ‘macroecological theory on the arrangement of life’ (METAL).
METAL proposes that biodiversity is strongly influenced by the climate and the environment in a
deterministic manner. This influence mainly occurs through the interactions between the environment
and the ecological niche of species sensu Hutchinson (i.e., the range of species tolerance when several
factors are taken simultaneously). The use of METAL in the context of global change biology has
been presented elsewhere. In this review, I explain how the niche–environment interaction generates
a mathematical constraint on the arrangement of biodiversity, a constraint called the great chessboard
of life. The theory explains (i) why biodiversity is generally higher toward low-latitude regions,
(ii) why biodiversity peaks at the equator in the terrestrial realm and why it peaks at mid-latitudes in
the oceans, and finally (iii) why there are more terrestrial than marine species, despite the fact that
life first appeared in the marine environment.

Abstract: This review presents a recent theory named ‘macroecological theory on the arrangement of
life’ (METAL). This theory is based on the concept of the ecological niche and shows that the niche-
environment (including climate) interaction is fundamental to explain many phenomena observed
in nature from the individual to the community level (e.g., phenology, biogeographical shifts, and
community arrangement and reorganisation, gradual or abrupt). The application of the theory in
climate change biology as well as individual and species ecology has been presented elsewhere. In
this review, I show how METAL explains why there are more species at low than high latitudes, why
the peak of biodiversity is located at mid-latitudes in the oceanic domain and at the equator in the
terrestrial domain, and finally why there are more terrestrial than marine species, despite the fact that
biodiversity has emerged in the oceans. I postulate that the arrangement of planetary biodiversity is
mathematically constrained, a constraint we previously called ‘the great chessboard of life’, which
determines the maximum number of species that may colonise a given region or domain. This theory
also makes it possible to reconstruct past biodiversity and understand how biodiversity could be
reorganised in the context of anthropogenic climate change.

Keywords: biodiversity; climate; theory; metal; determinism; randomness; biogeography; bioclimatology

1. Introduction

The discipline of biology covers all living systems, from the simplest organic molecules
(molecular biology) to large biomes (biogeography), by crossing many organisational levels,
such as cells, tissues, organs, species, biocoenoses, and ecosystems [1]. It is essentially a
science of complexity (Box 1) [2,3]. Since the origin of life, whether on Earth or elsewhere [4],
biological systems have constantly evolved to adapt to their environment [5]. Species have
emerged or died at gradual or sometimes more sudden rates, apparent balances punctuated
by periods when changes occur relatively quickly [6]. The variety of species is not only

Biology 2023, 12, 339. https://doi.org/10.3390/biology12030339 https://www.mdpi.com/journal/biology
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perceptible from a morphological or anatomical point of view but is also reflected in
many life history traits (size, growth, lifespan) that influence reproduction and individual
survival [7]. The diversity exhibited by the living is almost inexhaustible, and evolutionary
tinkering may obscure a form of intelligibility that researchers aim to discover [8,9]. It
is a subtle mix between chance and necessity [10]: chance because diversity finds its
origin in the genetic variability maintained by mutations and intra and inter-chromosomal
mixing, and necessity because there are fundamental limits, whether physical, genetic,
physiological, or ecological.

Box 1. Complexity in ecology and the scientific approach we have adopted to consider it within the
framework of METAL.

Complexity in biology
+ Innumerable actors and factors.
+ All elements are interconnected and interdependent.
+ Multiple actions and feedbacks at different organizational
levels and spatio-temporal scales.
+ Nonlinearity (threshold effect, hysteresis).
+ Emergence of new properties that are difficult to predict from
properties of the parts.
How to deal with this complexity within the framework of METAL theory?
+ The system is complex but it can be simplified at certain organizational
levels (consideration of emergent properties) and to some
spatio-temporal scales (i.e. at the largest scales).
+ At some organizational levels and spatio-temporal scales,
the laws influencing the arrangement of biodiversity are simple.
+ Non-linearity can be overcome (e.g. the concept of niche considers
elegantly the non-linear responses of species to environmental fluctuations).
+ The use of ecological properties at the organizational level and at the
relevant spatio-temporal scales enables one to unify phenomena, patterns of
variability and biological events that govern the arrangement of biodiversity.
+ Their unification gives a high level of coherence to the phenomena and
observed events and improves their understanding and predictability.

The origin and evolution of biodiversity are now better known. Charles Darwin, and
neo-Darwinism, laid the solid theoretical foundations [11–15]. However, there remains a
fundamental question to be resolved. How is biodiversity and the species that compose it
organised on our planet and how is the abundance or number of species modified in space
and time [16]? These questions are fundamental because biodiversity strongly influences
the functioning of ecosystems and thus regulates services such as atmospheric carbon diox-
ide sequestration, but also provisioning services, i.e., the exploitation of ecosystems [17–20].
Moreover, to understand how anthropogenic climate change will affect individuals, species,
and biocoenoses, the essential prerequisite is (i) to understand how these biological systems
are naturally organised and (ii) to identify cardinal factors and mechanisms responsible for
the alterations to then anticipate the modifications caused by environmental changes.

In this review, I present the macroecological theory on the arrangement of life (METAL),
a theory that proposes that biodiversity is strongly influenced by the climatic and environ-
mental regime in a deterministic manner (https://biodiversite.macroecologie.climat.cnrs.fr;
accessed on 1 February 2023). This influence mainly occurs through the interactions be-
tween the ecological niche of species sensu Hutchinson (i.e., the range of a species tolerance
when several factors are taken simultaneously) and the climate and environment [17].
The niche–environment interaction is therefore a fundamental interaction in ecology that
enables one to predict and unify (i) at a species level, local changes in abundance, species
phenology, and biogeographic range shifts, and (ii) at a community level, the arrangement
of biodiversity in space and time as well as long-term community/ecosystem shifts, in-
cluding regime shifts [21–30]. This theory offers a way to make testable ecological and
biogeographical predictions to understand how life is organised and how it responds to
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global environmental changes [26]. More specifically, I show how METAL helps in un-
derstanding (i) why there are more species at low latitudes than at the poles, (ii) why the
peak of biodiversity is located at mid-latitudes in the oceanic domain and at the equator in
the terrestrial domain, and (iii) finally, why there are more terrestrial than marine species,
despite the fact that biodiversity has emerged in the oceans. METAL has not been tested on
prokaryotes (Bacteria and Archaea) yet because the species concept is fuzzy in this group,
being replaced by the concept of operational taxonomic unit (i.e., taxa defined by molecular
data analysis) [31,32]. Moreover, the ecological niche of prokaryotes can be more diverse
and extreme, especially for Archaea [33,34], and their geographical ranges can be wide [35].
Therefore, all ecological principles examined in this review are only relevant for eukaryotes.

2. Patterns of Variability in Nature

For millennia, humans have detected recurring patterns of variability in nature or
cycles [17,36–41]. The multitude of environments that our planet conceals forces clades to
adapt to the local conditions, a process that rapidly fills the niche space [42]. Biogeographic
studies have provided compelling evidence that some species are present only in tropical
environments, while others are exclusively found in temperate or polar regions [41,43–46].
For example, Figure 1 shows that the spatial distribution of marine zooplankton (here
copepod crustaceans) exhibits distinct patterns of variability [47], some species are present
in the cold Labrador current (Calanus glacialis), others essentially along the European
continental shelf (Candacia armata) or in the waters of the north (Paraeuchaeta norvegica) or
the south (Clausocalanus spp.) of the North Atlantic, or finally at the transition between
these waters along the North Atlantic Current (Metridia lucens).

Figure 1. Mean spatial distribution of some marine copepods (planktonic marine crustaceans).
Maximum abundance values are in red and zero abundances are in dark blue. The absence of colour
corresponds to an absence of sampling. Some copepods are present in the icy or cold waters of the
North Atlantic Ocean (Pareuchaeta norvegica or Calanus glacialis). Others occur in subtropical waters
(Clausocalanus spp., Neocalanus gracilis and Euchaeta marina). The Para-Pseudocalanus group is present
in temperate waters, Metridia lucens at the limit between temperate and cold waters, and Candacia
armata mainly south of the European continental slope. These examples show that the distribution of
species is not random on a large scale and that there are therefore control mechanisms. Redrawn,
from Beaugrand and colleagues [47].
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Bioclimatologists and ecologists have noted the existence of cycles where periods of
high abundance alternate with periods of low abundance or even absence [37,40,48–50].
In temperate ecosystems (e.g., the North Sea), some species flourish in the spring; we
speak of spring phenology. Others bloom in the summer; we then speak of summer
phenology [49,50]. The presence of these recurrent patterns of variability in space or time
suggests the existence of control mechanisms, whether autogenic or allogenic [50].

3. The Difficult Identification of Patterns in Ecology

It is more difficult than it seems to identify these patterns of variability in nature, and
sometimes—especially on a small scale—it may seem that there are no rules governing
the arrangement of biodiversity [17]. Take the example of the simulated distribution of
individuals from a fictitious species in a hypothetical region (Figure 2).

 

Figure 2. Hypothetical distribution of a species from the scale of a region of 100 × 100 m to a scale of
1000 × 1000 km. (a) On a local scale (100 × 100 m), the presence of individuals of the same species
(blue squares, 1 × 1 m square) seems random. (b) On a more regional scale (19 × 19 km), the number
of individuals is counted in each 100 × 100 m square. The density of individuals in the target region
still seems random, although this density is between 2.4 and 3.5 (in decimal logarithmic scale). (c) On
a large scale (1000 × 1000 km), a pattern of variability is clearly observed and the abundance of the
species is greater towards the centre of the geographical domain. The transition from small to large
scale is called scaling.

If we identify the number of individuals in an imaginary geographical square of
100 × 100 m, the distribution of individuals in this square appears random because no
pattern of variability is identifiable (Figure 2a; the blue squares 1 × 1 m represent an
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individual). If we now cover an area of 19 × 19 km (there are 19,000/100 squares of
100 × 100 m in the figure, i.e., 190 × 190 = 36,100 squares), the distribution of the total
number of individuals in each square of 100 × 100 m remains unintelligible (Figure 2b).
Now imagine that we can examine the distribution of the number of individuals of this same
species in a large region of 1000 × 1000 km (there are in Figure 2c 1,000,000/100 squares
of 100 × 100 m, i.e., 10,000 × 10,000 = 100 million): we now see a pattern of variability
emerging. The species is more abundant towards the centre of the region (Figure 2c).
Looking at the pattern by taking height, that is to say, from a local to a large spatial scale,
allows us to precisely identify the contours of the spatial distribution of this fictitious
species (Box 1). An ecologist, who often studies biological systems on a small scale,
may conclude that there are no detectable patterns of variability and that, therefore, the
distribution of individuals is random and does not obey any rules (Box 1). On the other
hand, a biogeographer may conclude that there is a structure, which implies the existence
of underlying control mechanisms. The problem arises if researchers from these different
disciplines extrapolate their results from the small to the large scale or inversely. In
such a case, an ecologist may conclude that there are no principles governing the spatial
distribution of a species and a biogeographer may establish certain predictions that are
likely to be challenged on smaller scales. We touch here on the burning problem of scaling
at the origin of so much controversy [51–53]. Referring to the analogy of an ecological
theatre made by Hutchinson [54], Wiens [53] said, “to understand the drama, we must view
it on the appropriate scale”. Note that this phenomenon is also observed along the time
dimension. It is therefore essential in the construction of all theories to specify its limits
according to the spatio-temporal scales one considers [55].

4. Towards a Better Understanding of Principles of Biodiversity Organisation and
Climate Change Biology

METAL (macroecological theory on the arrangement of life) has recently been pro-
posed to connect a large number of phenomena observed in biogeography (spatial distri-
bution of species, communities and biodiversity), ecology (phenology, gradual or abrupt
changes in communities or biodiversity), paleoecology (past distribution of species, communi-
ties and biodiversity) and bioclimatology (biogeographic and phenological shifts, temporal
changes in abundance and biodiversity at local or regional scales) [17,21,22,24,29,30,49,50,56]
(https://biodiversite.macroecologie.climat.cnrs.fr; accessed on 1 February 2023).

The unification of these phenomena is obtained by using the concept of the ecological
niche of Hutchinson [57,58], which constitutes the elementary macroscopic brick of the
theory, giving meaning and coherence to all phenomena, patterns of variability or events
cited above (Figure 3). METAL considers the fundamental niche (i.e., the niche without
the influence of species interaction), and current models do not explicitly include the
influence of biotic interaction yet [25,29]. The niche can be divided into five components:
(i) climatic, (ii) physico-chemical, (iii) substrate, or trophic with (iv) dietary and (v) resource
concentration components [23,25,49]. It integrates all environmental conditions where
a species’ individual can ensure its homeostasis, grow, and reproduce. A species’ niche
therefore includes phenotypic plasticity, encompassing polyphenism and reaction norm
(i.e., a species niche integrates the niches of all individuals of that species).

Therefore, the niche–environment interaction is considered to be a fundamental inter-
action in biology that explains and unifies a large number of patterns observed in ecology,
biogeography and climate change biology [26]. This occurs because the genome controls
many processes at infraspecific organisational levels (e.g., molecular processes) that affect
physiological and morphological traits that in turn influence individual performance and
fitness and finally determine the ecological niche of a species [50] (Figure 3). The use of
the niche makes it possible (i) to implicitly consider these infraspecific processes without
having to model them and (ii) to integrate the emergence of new biological properties
impossible to anticipate from the property of the individual parts when crossing one or
several organisational levels (here from the molecular to the specific level)(Box 1) [59,60].
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Figure 3. The concept of the ecological niche, the elementary macroscopic brick of METAL. The
ecological niche of a species is quantified by simultaneously considering all the ecological factors
that influence its abundance. The concept is therefore multidimensional. The ecological optimum
represents the values of the ecological parameters for which the maximum abundance is observed.
Ecological amplitude is the degree of ecological valence that a species tolerates. Put simply, it is
the width of the ecological niche. The use of the ecological niche within METAL makes it possible
to integrate molecular, physiological, biological and behavioural processes controlled in part by
the genome and the environment. Such processes are impossible to model for all living species
on our planet using a reductionist approach. Moreover, the concept of niche makes it possible to
consider the emergence of new properties at a specific organisational level. The niche–environment
(including climatic) interaction makes it possible to explain, unify and predict a large number of
patterns observed in ecology, paleoecology, biogeography and climate change biology. The niche–
environment interaction affects the species genome through processes involved in natural selection.

Also known as species distribution models (SDMs) or bioclimatic envelope mod-
els [61–63], METAL integrates ecological niche models (ENMs) in its framework. ENMs
primarily focus on the realised niche, which is based on past or contemporary spatial
distribution and some key environmental (including climatic) variables. They then use the
realised niche to project the likely distribution of a species in the past, present or future.
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ENMs have been extensively applied to project future species spatial distributions in the
context of global climate change [61,64–69]. METAL provides a robust scientific baseline
for ENMs and shows that this niche approach can be extended to explain many different
phenomena at different organisational levels and spatio-temporal scales [22,70].

The niche–environment interaction is crucial for explaining, unifying and predicting
a very large number of phenomena, patterns of variability or biological events observed
in nature (Figure 4a) [26]. At an individual organisational level, the niche–environment
interaction controls a large number of physiological and behavioural responses, such as the
phenomena of thermotaxis and chemotaxis (Figure 4b) [17]. At a population organisational
level, the niche–environment interaction controls species’ phenology and long-term changes
in local abundance, including the arrival or extirpation of individuals of a species in a given
area (Figure 4c) [49,50]. At a specific organisational level, the niche–environment interaction
controls the distributional range of a species and even its extinction (Figure 4d) [23].

Figure 4. The niche–environment interaction and its influences on the arrangement of biological
systems from the individual to the community organisational level and from the micro-scale to the
mega-scale. (a) Niche–environment interaction. Organisational levels of individual (b), population (c),
species (d) and community (e). Since the arrangement of communities affects the environment of
their habitat, the influence of the niche–environment interaction on the community is also exerted on
ecosystems and ecotones, provinces and biomes. In black (bold): phenomena, patterns of variability
and biological events. Only the main ones are represented here. In blue (bold): organisational level.
In red (bold): spatial scales.

At a community level, the niche–environment interaction helps in understanding
how communities are formed and modified, thus providing a theoretical basis for synecol-
ogy and phytosociology (Figure 4e) [49,50]. The theory explains the seasonal succession
observed in the marine planktonic environment, the gradual or abrupt modifications in
communities, the biogeographical changes of biocoenoses (or assemblages), their contrac-
tions or expansions, and their eventual disappearance (Figure 4e) [23,28]. We can thus
explain and anticipate major biological changes but also understand how biodiversity is
organised and how it can be altered in the context of climate change [27,56].

Note, however, that human activities now influence a large number of processes
that can interfere with the niche–environment interaction. For example, the extinction
of a species or its long-term changes can be explained by anthropogenic pressures such
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as fishing, land use, hunting and pollution, pressures that are not further mentioned
here [25,71–73]. A METAL model has recently considered fishing pressure and the niche
together to explain the long-term changes in cod spawning stock biomass in the North Sea
since the beginning of the 1960s [25].

The use of METAL in the context of climate change biology has been presented
elsewhere [26]. In this review, I show how the niche–environment interaction generates
a mathematical constraint on the large-scale arrangement of biodiversity and explains
why there are more species on land than in the marine realm. To make progress on these
questions, the scientific community continues to collect and inventory species and to study
their biology [74,75]. A study suggested that the number of terrestrial and marine species
could be 8,740,000 and 2,210,000, respectively [76]. Because the scientific team estimated
that 1,233,500 species had been inventoried in the terrestrial environment and 193,756 in the
marine environment (bottom and surface), this suggests that between 9% (marine) and 14%
(terrestrial) of species have been named and described so far. (Note, however, that there exist
many estimations in the scientific literature [75,77–79].) Meanwhile, ecologists continue to
investigate the multiple interactions of these species with the environment, including the
climate, but also biotic interactions, an essential prerequisite for understanding their spatial
distributions (biogeography), their temporal patterns of reproduction (phenology) and their
fluctuations from seasonal to centenary and millennial, as well as changes occurring on a
geological time scale (ecology, palaeoecology and bioclimatology) [56,80–86]. With such a
poor fundamental knowledge on species’ biology, how can we understand how factors and
processes affect large-scale biodiversity patterns and design models to reconstruct them?

5. Large-Scale Biodiversity Patterns

5.1. A Brief Overview of the Main Hypotheses or Theories That Have Attempted to Explain
Large-Scale Biodiversity Patterns

Why do some regions of the globe have more species than others? Among such scien-
tific questions as the origin of life, the biological basis of consciousness or the composition
of the universe, this question was cited as one of the 25 most important enigmas by the
American journal Science in 2005 [16,87]. Indeed, for most taxonomic groups, it has been
noticed that warm regions contain a higher number of species than polar regions [41,88–92].
Biogeographers generally speak of latitudinal biodiversity gradients to describe the large-
scale biodiversity patterns observed in nature. The plural is important because the gradient
may be different from one taxonomic group to another and from one domain to another
(e.g., terrestrial and marine) [41]. For example, a maximum is obtained at the equator
for a large number of terrestrial taxonomic groups, while it is rather subtropical for most
oceanic taxonomic groups [41,88]. Although the existence of this biogeographical pat-
tern has been known since Alexander von Humboldt in 1807 while he was in Central
America and Charles Darwin after the return of the second expedition of the HMS Beagle
in 1836, and that many hypotheses have been formulated for decades, no consensus has
been reached [93–101].

What causes the latitudinal gradient in biodiversity, whether on land or in the sea,
has been a topic of debate for decades, and more than 20 hypotheses or theories have
been proposed [41,101–109]. It is beyond the scope of the present paper to review and
discuss all of them, and below I only briefly review the main hypotheses or theories. While
some authors have propounded that the biodiversity gradients are related to the larger
area of the tropical belts [96,110], others have proposed null models of biodiversity, such
as the neutral theory of biodiversity and biogeography [99] and the mid-domain effect
(MDE) [111,112]. Moreover, it has been suggested that time is an important factor because
speciation needs it to operate [90,113–117]. The tropics may assemble more species over a
longer time period because they are more climatically stable than higher latitudes [95], and
studies have provided evidence that the tropics are both a species cradle (higher origination
rates) and a museum (more long-term climatic stability) [118,119]; See Vasconcelos and
colleagues [120], however. Some studies have suggested that richer taxa have quicker
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diversification rates [121] and the metabolic theory of ecology predicts that the molecular
clock is affected by body mass and temperature through metabolism [122].

Another popular hypothesis invokes the positive role of energy on biodiversity [95,123,124].
The energy hypothesis is frequently divided into two [123]: (i) exosomatic energy, where climatic
factors such as temperature, precipitation and photosynthetically active radiation positively
affect biodiversity, and (ii) endosomatic energy, which is the level of energy contained in the
biomass that affects individuals and therefore the number of species. The latter hypothesis may
be tested by using chlorophyll concentration or primary production [17]. Climate stability has
also been invoked to explain the higher biodiversity in the tropics [125], along with magnitude,
severity and frequency of environmental perturbations that are thought to limit species richness
in temperate and polar regions [126,127]. In space, environmental heterogeneity promotes
higher biodiversity [128,129]. For example, island species richness is positively correlated with
habitat diversity [129]. The niche-assembly theory posits that there is more species richness
in the tropics because there are more ecological niches, the niche being defined in term of
resources [130]. Some hypotheses have invoked biotic interaction as a cause of speciation
and therefore high species richness [131]. For example, Emerson and Kolm have provided
evidence that the proportion of endemic species in an island covaries positively with biodiversity,
suggesting that species richness increases speciation [17,131–133]; see, however, [134,135]. The
argument seems tautological to some authors in terms of the search for the primary cause of
these large-scale biodiversity patterns [17,95].

Perhaps the most compelling hypotheses are those that invoke an environmental
control of biodiversity, such as environmental stability or energy availability [88,136,137].
Climatic hypotheses have been frequently proposed because large-scale biodiversity pat-
terns correlate well with environmental parameters [88,137]. Among hypotheses, it has
been suggested that global climate change may have shaped the large-scale patterns of
biodiversity prevailing on Earth today because most clades originated in warm habitats,
as temperatures have been predominantly warm during its history [138]. This hypothesis
is known as tropical niche conservatism (TNC) [139]. Temperature has often been sug-
gested to explain large-scale patterns in the distribution of marine organisms [88,140,141].
However, the exact mechanisms (e.g., metabolic theory of ecology [98]) by which the pa-
rameter may influence large-scale biodiversity patterns remain uncertain [100–102]. Finally,
many authors have also suggested that many causes or factors interact to shape large-scale
biodiversity patterns [30,142,143].

5.2. Modelling Biodiversity in METAL

Understanding the spatio-temporal arrangement of biodiversity on a large scale re-
quires the development of numerical models where biological, environmental and climatic
knowledge are put into equations [27,29,30,100]. In the context of the application of METAL,
the fundamental bases of the biodiversity model are simple [100]. A large number of fic-
titious species is generated. Each fictitious species (called hereafter a pseudospecies) has
unique physiological preferences that define their ecological (fundamental) niches, that is to
say, their responses to climatic and environmental variability [23]. We can initially consider
a simple niche, considering only the bioclimatic dimensions temperature and water avail-
ability (here precipitation). Temperature is an essential factor controlling the physiology of
all species living on our planet and precipitation is a proxy for water availability, a variable
just as important as temperature for terrestrial species. These climatic dimensions are
fundamental, and many studies have underlined their importance [46,88,140].

Figure 5 shows an example with two marine pseudospecies, one being more eury-
thermal (i.e., tolerating a greater range of thermal variation) and the other being more
stenothermal (i.e., tolerating a smaller range of thermal variation). In this example, we see
that the stenothermal pseudospecies is characterised by a more limited range and lower
abundance than the more eurythermal pseudospecies [21,23].
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Figure 5. Idealised relationship between the ecological niche of a marine species and its spatial
distribution. In this example, the ecological niche is a thermal niche with a Gaussian distribution
characterised by two parameters: the optimum temperature and the thermal amplitude (parameter
close to the standard deviation). The optimum temperature (Topt) is 15 ◦C for the two fictitious
niches (a,c). The thermal amplitude (ts) is higher for (a) than (c). The spatial distribution is wider
and the abundance of the species higher when the species has a thermal niche with a large ther-
mal amplitude (b,d). In reality, the niche of a species is multidimensional. From Beaugrand and
colleagues [23].

We can thus create a multitude of pseudospecies by varying the optimum and the
ecological amplitude (i.e., niche breadth) of each niche dimension. Figure 6 shows the
creation of marine pseudospecies from a simple Gaussian thermal niche [21,23]. Note
that different types of niches can be used: from rectangular to trapezoidal [25,100] and
from logistic to beta distribution [25,27], symmetrical or asymmetrical [25], parametric or
nonparametric [23]. Moreover, the niche can be multidimensional [144], including nutrients,
solar radiation or mixed-layer depth for phytoplankton, bathymetry and sediment types for
fish, soil pH and composition for plants [25,65,66,144–146]. So far, most METAL simulations
have been based on niches that vary between 0 (i.e., absence of a species for a given
environmental regime) and 1 (i.e., highest abundance, or presence in case of a rectangular
niche). Therefore, all species can reach the same level of maximum abundance. Although
this assumption may possibly hold for a clade composed of species with a similar size, this
is not so for a group that exhibits large size variability (e.g., mammals) [147–149]. Note,
however, that this assumption does not affect biodiversity when the selected indicator is
species richness (see below).

Different thermal optima and amplitudes are used [21,23]. In this example, when
distributional ranges originating from one thermal niche are spatially separated, it is
considered that they represent different species; therefore, one niche can give several species,
in agreement with Buffon’s law, also known as the first principle of biogeography [41]. We
see that thermal niches with lower thermal amplitudes give more species, although they
exhibit smaller distributional ranges (Figure 6, left maps vs. right maps). Figure 5 shows
that there is a relationship between the average abundance of a species and its area of
distribution, a relationship already demonstrated empirically by Brown [150]. We extended
this relationship by indicating that there is a positive link between the ecological amplitude
of a species, its average abundance and its distribution area [23] (Figures 5 and 6). These
relationships hold for species of the same size [147,148] and trophic guild.
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Figure 6. Different types of spatial distribution of marine species generated from thermal niches by
varying the thermal optimum and amplitude. The different colours on the map represent different
species generated from the same thermal niche. The same niche can give rise to several species if
and only if individuals from different species cannot meet (allopatric speciation). Niches with a low
thermal amplitude generate more species (e.g., (a,b) and (e,f)). The current location of continents
at the equator and in the northern latitudes allows more species to form by allopatric speciation.
Methods, from Beaugrand and colleagues [29].

Examples from Figure 6 show that a niche can lead to more pseudospecies in the
Northern than in the Southern Hemisphere (Figure 6b–d). This is due to the current
location of continents that act as a barrier against gene flux, triggering more allopatric
speciation in the Northern than the Southern Hemisphere (towards high latitudes). When
the thermal amplitude is larger, the pseudospecies are more eurygraph and a single niche
leads to fewer pseudospecies, e.g., only one in Figure 6a in each hemisphere. Moreover, the
current configuration (i.e., south to north configuration) of the continents also enables more
pseudospecies to emerge in the tropics (Figure 6g–h), especially when the pseudospecies
are stenoecious and therefore stenograph (Figure 6e,f). Note that parapatric and sympatric
speciations are not accounted for in this example. Allopatric speciation is thought to be
a widespread mode of speciation in the marine environment, despite more evidence that
other modes of speciation might also play a role [151]. Parapatric speciation is thought
to be possible in the ocean [152–154]. Clinal parapatric speciation has been suggested for
salps and some benthic species [151,155]. Sympatric speciation might also be frequent for
marine invertebrates [156].

To reproduce the large-scale arrangement of biodiversity, we can build a model that
first creates millions of niches, which then allow pseudospecies to establish themselves in a
given region as long as environmental fluctuations are suitable [17,29,30,100]. The principle
of the model is simple. It starts to create a large number of niches where both optima and
amplitudes with respect to temperature only for the marine realm and both temperature
and precipitation for the terrestrial realm vary. Many niches (i.e., with all possible optima
and amplitudes), which can also overlap, are created (i) for temperature between −1.8 ◦C
and 44 ◦C in both realms and (ii) for precipitation between 0 and 3000 mm in the terrestrial
realm only. The full procedure is described in [29]. At the end of the procedure, there are a
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maximum of 101,397 and 94,299,210 niches in the marine and terrestrial realms, respectively.
About 25% and 1% of these niches are chosen randomly to perform the simulations in the
marine and terrestrial realms, respectively [29]. The use of fictitious niches and species
is especially useful, since we have only inventoried 9% of marine and 14% of terrestrial
biodiversity and we know little about the biology of most species (see Section 5.1). A niche
can give rise to several pseudospecies if individuals from different regions never come
into contact (e.g., Figure 6f) [29]. Pseudospecies are gradually colonising the terrestrial and
marine environment (surface and bottom). During the simulations, the species organize
themselves into communities and the biodiversity. More precisely, here the number of
species in a given region is reproduced.

Beaugrand and colleagues [29] used this approach to model the biodiversity of the
terrestrial and marine realm, including the surface and the bottom of neritic and oceanic
regions (Figure 7). These numerical experiments (or simulations) correctly reconstruct large-
scale biodiversity patterns as they are observed nowadays for a large number of taxonomic
groups in the terrestrial and marine environment (e.g., crustaceans, fish, cetaceans, plants,
birds) [29]. The biodiversity maps for the ocean floors (Figure 7c,f) remain provisional, as
few observations have been made to date to confirm these predictions [29]. The model
also reproduces well past biodiversity patterns of the Last Glacial Maximum and the
mid-Pliocene (e.g., foraminifera), as well as the Ordovician (e.g., acritarchs) [27,56].

 

Figure 7. Average distribution of biodiversity (i.e., number of species) in terrestrial (a,d) and marine
(b,e) surface biodiversity and (c,f) benthic biodiversity reconstituted from a bioclimatic model derived
from METAL [29,100]. (d–f) The curves show the latitudinal gradient of biodiversity observed for
each environment. (e) The blue curve reflects the latitudinal biodiversity of the oceanic regions
(bathymetry above 200 m) and the green curve reflects the latitudinal biodiversity of the continental-
shelf regions (bathymetry below 200 m). (f) The curve in green reflects the latitudinal biodiversity
of the continental shelf (bathymetry lower than 200 m), the curve in blue reflects that of the deep
regions (bathymetry higher than 2000 m), and that in magenta reflects the latitudinal biodiversity of
the continental slope (bathymetry between 200 and 2000 m). From Beaugrand and colleagues [29].
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6. The Great Chessboard of Life

The reconstruction of large-scale biodiversity patterns observed in nature is pos-
sible because the niche–climate interaction generates a mathematical constraint on the
maximum number of species that can establish in a given region [30]. We have named
this constraint the great chessboard of life (Figure 8) [30]. This particular chessboard
has a number of geographical squares (i.e., wide squares in Figure 8) that correspond
to different regions (marine or terrestrial). Note that these geographical squares are
limited on the figure (i.e., 6 × 8 = 48 squares), but should be higher to correctly repre-
sent the variety of environments, e.g., one for every degree of latitude and longitude
(i.e., 180 latitudes × 360 longitudes = 64,800 squares). Each square on the chessboard is
composed of sub-squares (i.e., the narrow squares in Figure 8), which represent the number
of climatic niches that determines the maximum number of species that can colonise a
square (i.e., a region or a wide square). Only one species can establish in a sub-square
(i.e., a climatic niche) of the chessboard according to the competitive exclusion princi-
ple of Gause [157], thereby the more sub-squares (L) in a given region, the higher the
maximum number of species that an area may contain (Figure 8). S is the number of
species that a square (i.e., an area) actually contains. Therefore, L represents a fundamental
limit (what I call here a mathematical constraint) on species richness, even if the actual
number can still vary according to other processes (see below). The different pieces on
the chessboard (e.g., king, queen, pawn) symbolize the different biological properties of
the species (e.g., their differences in terms of life history traits, such as reproduction). Q
represents niche saturation, with Q = (S/L) × 100. A saturation of 100% means that all
niches or potential species that a square may contain are occupied. Biological (degree
of clade origination) and climatic (repeated Pleistocene glaciations) causes influence the
percentage of saturation of the niches in each geographical square so that there remains a
degree of valence on the number of species present on the great chessboard of life [30].

 
Figure 8. The great chessboard of life that illustrates the mathematical influence on current large-
scale biodiversity patterns in the marine realm. Each square on the chessboard, which represents a
region, is composed of sub-squares, which represent the number of climatic niches that determines
the maximum number of species that can colonise a square (i.e., a region). The different pieces
on the chessboard (e.g., king, queen, pawn) symbolize the different biological properties of the
species (e.g., their differences in terms of life history traits, such as reproduction). Note that it is also
applicable on land. From Beaugrand and colleagues [30].

The number of maximum niches fixes an upper limit on the number of species that
can colonise a given region by speciation or immigration [30]. Few species can colonise
areas located towards the minimum (e.g., −1.8 ◦C) and maximum limits (e.g., 44 ◦C) of
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temperature and precipitation (e.g., 0 and 3000 mm for precipitation) [29]. The choice
of these minimum and maximum values in the METAL models is therefore important
because it affects the results [100]. In marine polar areas, corresponding nowadays to the
lowest limit of temperature (close to −1.8 ◦C), the number of species that can establish
are fundamentally limited by L, since two species having the same niche cannot coexist at
the same time and in the same place [157]. On the chessboard (Figure 8), the number of
sub-squares is two in the wide square between the polar front and North Pole.

At low latitudes, since the theoretical upper limits are not observed nowadays (i.e., the
upper limit for temperature is frequently fixed to 44 ◦C; for a justification of the threshold,
see [100]), terrestrial biodiversity is maximum at the equator and marine biodiversity in
subtropical regions (Figure 7) [27,29,56,100]. (I will come back to this point in Section 7).
The great chessboard of life therefore suggests that there is more species richness in regions
where there are more ecological niches (sensu Hutchinson [58]), providing compelling
evidence for the niche-assembly hypothesis, although the niche in this hypothesis has been
usually defined in terms of resources [130] (see Section 5.1).

The biogeographical constraints (i.e., low and high number of niches in high and
low latitudes, respectively) imposed by the chessboard on biodiversity may be quickly
detectable because clade diversification (not implemented in this METAL model) takes place
relatively rapidly on a geological time scale [158]. Moreover, in the marine environment,
taxa such as plankton have high dispersal capabilities [44,159,160] and may rapidly conform
to the chessboard. Niche saturation (i.e., the number of observed species on the theoretical
number of available niches) may help measuring the degree of conformity of the different
taxonomic groups on the chessboard [30]. Although it is commonly assumed that niche
saturation increases towards the equator (i) because evolutionary rates are thought to
increase from cold to warm regions [122,161] and (ii) because of the presence of strong
climate-induced environmental perturbations in extra-tropical regions that limit species
richness [116,162], niche saturation is frequently highest towards the poles [30]. These
apparently counterintuitive results suggest that the few sub-squares (i.e., the climatic niches)
available on each region (i.e., wide square) of the chessboard are frequently occupied in
polar regions (Figure 8). This means that low polar biodiversity should not always be
attributed to low diversification rates (origination minus extinction) [114,115], but rather
to a smaller maximum number of species’ niches (i.e., the parameter L on the chessboard
in Figure 8) at saturation that locally limits biodiversity. This low number of niches over
polar regions, and inversely the high number of niches equatorwards, originating from the
niche–environment interaction, represent a mathematical constraint on the arrangement of
biodiversity. Although there remains a great degree of freedom on the type and number of
species that can establish in a region (e.g., origination and diversification of a clade), this
number cannot exceed a threshold set by the niche–climate interaction.

In the marine realm, large-scale patterns of niche saturation differ among taxonomic
groups, which suggests the existence of a particular chessboard for each group that might
originate from taxon-specific diversification history [163,164]. For example, pinnipeds,
which exhibit an inversed latitudinal biodiversity gradient, originate from Arctoid car-
nivores 25–27 Ma in the cold regions of the North Pacific [165]. Place of origin and time
of emergence may therefore blur large-scale biodiversity patterns imposed by the great
chessboard of life. Moreover, life history traits of each group make the great chessboard of
life specific to a given taxonomic group, which sometimes explains the lack of universality
of large-scale biodiversity patterns (Figure 8) [30].

The rate of diversification remains an important parameter because it determines the
degree of niche occupation in a given geographical cell. Indeed, when polar regions are
excluded, niche saturation of most groups (e.g., plankton and fish) but mammals is higher
over permanently stratified regions [147]. Moreover, many clades should exhibit latitudinal
biodiversity gradients towards the equator because their probability of emergence should be
higher in the tropics, where there are more available niches, and palaeontological data have
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provided compelling evidence of greater rates of origination for tropical clades [166]—the
hypothesis of tropical niche conservatism [139].

Beaugrand and colleagues suggest that the total number of species on the chessboard
diminishes with organismal complexity [30], which can be explained by basic ecological
and evolutionary processes. Endosomatic energy decreases from primary producers to
top predators as a consequence of the second law of thermodynamics, decreasing the
number of individuals and thereby species richness and niche saturation from producers
to higher trophic levels [17,41]. Positive relationships between numbers of individuals
and species richness has often been proposed to explain large-scale biodiversity patterns,
e.g., the productivity theory [167], the area hypothesis [168], and the unified neutral
theory of biodiversity and biogeography [99]. In addition to diminishing the number of
individuals [169], a larger body also increases generation time [147], which slows down
evolution [122,169]. Therefore, the likelihood that a taxon exhibits a large-scale biodiversity
pattern different from the one imposed by the great chessboard of life is greater when its
mean niche saturation is lower. This is especially the case for marine mammals. Pinnipeds,
which have a low degree of niche saturation (<1% [30]), exhibit a pattern that does not
conform to the great chessboard of life [30]. Note that it is possible to do specific simulations
to account for the biology of a specific clade or taxonomic group, such as euphausiids, fish,
coral reefs, or mangroves [29,145].

7. Differences in Latitudinal Biodiversity Gradients between the Terrestrial and the
Marine Domains

A biodiversity peak is observed at the equator in the terrestrial realm and around
the subtropical regions in the marine realm (Figure 7a–d). This distinction is related
to the differential influence of atmospheric pressure fields in the marine and terrestrial
realms [5,17,170,171]. Indeed, the high-pressure centres (i.e., the large-pressure high linked
to the descending branches of the Hadley and Ferrel cells) provide climatic stability and
heat, which increase surface biodiversity in the marine environment (Figure 9) [17]. How-
ever, above the continents, the high-pressure centres strongly limit precipitation, and
biodiversity is therefore very low due to the lack of water availability [5,17,170,171]. The
maximum values of biodiversity are reached in regions where precipitation is regular
(towards the equator) and decreases when moving away from the influence of the in-
tertropical convergence zone (ITCZ) [5], i.e., when it occurs a few weeks a year (monsoon
areas). Finally, the cold ocean floors do not show a typical biodiversity gradient but a
very homogeneous biodiversity pattern, except in high-latitude regions, where biodiversity
decreases slightly, and over seamounts, where it is higher (Figure 7e–f).

Figure 9. Average positions of the planet’s major pressure highs and lows and their influences on
average precipitation in January (a,b) and July (c,d). Atmospheric pressure (in hPa) (a,c). Precipitation
(in mm) (b,d). From Beaugrand [17].
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The chessboard of life reorganizes when climate changes, which makes it dynamic
from small to large temporal scales (i.e., geological scales) [30]. Indeed, large-scale biodiver-
sity patterns are not stable over time [172], and METAL suggests that they were sometimes
very different from those currently observed [56]. For example, during a cold period at the
end of the Ordovician (510 million years ago), a very significant contrast probably existed
between tropical biodiversity and the biodiversity of high-latitude regions (Figure 10a).
Conversely, during the warm period of Stage 4 of the Cambrian (510 million years), the lati-
tudinal gradient of biodiversity was probably reversed (Figure 10b). The current latitudinal
gradient of biodiversity, characterised by a more or less regular increase in biodiversity
from the poles to the equator, has therefore probably not always been observed since the
appearance of eukaryotes on our planet [56]. Mannion and colleagues [172] also proposed
that the current latitudinal gradient of biodiversity has not been a permanent feature
through the Phanerozoic. They suggested that a biodiversity peak occurred during cold
icehouse climatic regimes, whereas temperate peaks (or flattened gradients) were observed
during warmer greenhouse regimes. In the context of current climate change, the use of
METAL also suggests that the contrast between regions of low and high biodiversity may
diminish towards the end of the century because a rise in temperature over permanently
stratified regions (e.g., tropics and subtropics) reduces surface biodiversity, whereas an
augmentation in temperature over temperate and polar regions increases biodiversity [27].

 
Figure 10. Expected marine surface biodiversity patterns using METAL for (a) the end of the
Ordovician (445 million years) and (b) a warm phase of the Cambrian (510 million years). The
position of the continents is indicated in white. Species richness is in relative unit with high richness
values in red and low in blue. The conquest of the continents by the first terrestrial plants probably
began around 500 million years ago. The carbon dioxide concentration was 5 times the pre-industrial
concentration for the late Ordovician and 32 times the pre-industrial concentration for the Cambrian
Stage 4. Modified, from Zacaï and colleagues [56].
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8. Why Are There More Terrestrial Than Marine Species?

At a high taxonomic level, the number of phyla of metazoans is higher in the ocean
than on land, and this number is greater for the benthic than the pelagic realm [173]. In sum,
32 phyla are found in the sea and 21 are exclusively marine, whereas 12 are found on land,
with only one being endemic to this realm (Onychophora) [173], while 27 phyla inhabit
the benthos (with 10 endemic) and only 11 the pelagos (with one endemic—Loricifera).
These estimates strongly suggest that diversification began in the sea, and probably in
or close to the benthic realm [174]. However, at a species level, there are more terrestrial
than marine species. Robert May assessed that ~85% of all species are terrestrial [173,175],
Michael Benton ~75% [176], and more recent estimates suggest they may be closer to
~80% [76]. About 77% of animal species live on land, the remaining being found in
freshwater (11%) and in the marine environment (12%), and 93% of plants live on land, 5%
being freshwater and 2% marine [177]. Why are there more terrestrial than marine species?
This conundrum is all the more incomprehensible, since marine biodiversity appeared long
before terrestrial species [176,178]. Since more time has passed since the emergence of life
in the oceans, the higher number of terrestrial species over marine species seems to be a
counterintuitive observation.

METAL reproduces the difference in biodiversity observed between the marine and
terrestrial domains well [29]. Although results depended upon the choice of the total
number of niches, modelled biodiversity scaled to catalogued (and estimated) species
gave 1,111,186 (8,825,091) for the terrestrial domain and 316,069 (2,242,908) for the marine
domain. These estimates are close to those given in Section 4 [76]. Moreover, an estimate
of the deep-sea benthic biodiversity (894,881 benthic species in areas below 2000 m and
256,278 in areas between 2000 m and 200 m) is close to what has been calculated in some
studies [179,180]. Species density is expected to be higher over the shelf (200–2000 m) than
deep sea, but because the latter realm is larger (301 vs. 36 million km2), there are more
species in the deep-sea benthic realm [29].

Two mechanisms may explain why METAL reconstructs the difference between land
and sea biodiversity well [29]. Firstly, Beaugrand and colleagues [29] suggested that
the difference between the number of climatic dimensions among terrestrial and marine
environments is fundamental. Water is evidently present everywhere in the ocean, which
is not the case in the terrestrial environment. The additional discriminating climatic
dimension in the terrestrial environment (water availability) arithmetically increases the
number of climatic niches and thus the number of species that can establish in the terrestrial
environment [29]. The addition of one climatic dimension increases the number of potential
niches by ~100 [29].

Secondly, but to a lesser extent, Beaugrand and colleagues [29] suggested that the
addition of a supplementary climatic dimension, combined with more pronounced geo-
graphical variations in the terrestrial environment (i.e., an increase in habitat heterogeneity),
further fragment the geographical range of a species [181], increasing the possibility of
allopatric speciation, i.e., the creation of species by prolonged or permanent geographic
isolation of populations [29,41,182].

To conclude on this part, there are more terrestrial than marine species because there
are more available climatic niches on land. This additional dimension inflates consider-
ably the maximum number of niches and thereby species on the great chessboard of life
(i.e., parameter L in Figure 8). This second fundamental dimension inflates considerably
the number of species that the terrestrial realm may contain. The addition of the water
availability dimension in the terrestrial realm (in addition to temperature) also morcellates
species spatial distribution and increases the effect of landscape heterogeneity and the
possibility for allopatric speciation [29]. In the ocean, the seascape is more uniform because
there is only a single climate dimension (temperature). See, however, Ref. [181] for other
important environmental dimensions. This influence is more prominent in the pelagic than
the benthic environment, so it probably explains why there are more benthic than pelagic
species [29]. The influence of seascape heterogeneity strongly affects local biodiversity over
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seamounts and shelves [183]. Therefore, local biodiversity should be higher over these
areas, including heterogeneous shallow ones [29].

9. Conclusions

A central objective of biology and its sub-disciplines (e.g., biogeography, ecology) is to
reveal the laws or general principles that govern the arrangement of life, but the sources of
variations and exceptions seem inexhaustible. However, simple laws have been discovered
in other areas of science, such as physics. Galileo Galilei wrote “Philosophy [nature] is written
in that great book which ever is before our eyes—I mean the universe—but we cannot understand it
if we do not first learn the language and grasp the symbols in which it is written. The book is written
in mathematical language, and the symbols are triangles, circles and other geometrical figures,
without whose help it is impossible to comprehend a single word of it; without which one wanders
in vain through a dark labyrinth”. We show here that the niche–environment interaction is
fundamental because it controls a large number of phenomena, patterns of variability, and
biological events. In this review, I only show how METAL can help in understanding the
arrangement of biodiversity, but the theory also explains other phenomena, such as spatial
range, biogeographical shifts, phenology, annual plankton succession, long-term changes
in species abundance, and community composition, gradual or abrupt [26].

Like the Italian scholar of the Renaissance Galileo Galilei, I propose that the great
book of life is also written in mathematical language. In particular, the niche–environment
interaction, controlled in part by the climatic regime, generates a mathematical constraint
on the large-scale arrangement of biodiversity. We have named this constraint the great
chessboard of life (Figure 8). The mathematical effect is probably considerable such that
an inverted latitudinal gradient is impossible under present climatic conditions for most
taxonomic groups that presently exhibit increasing biodiversity from the poles to the
equator. Moreover, a similar mathematical effect explains why there are more terrestrial
than marine species, even if the number of phyla is higher in the marine than terrestrial
realm. The establishment of a global theory of biodiversity, however, requires taking
into account a large number of biological processes that also influence biodiversity (e.g.,
diversification rate and origination place of a clade), and Theodosius Dobzhansky was
greatly inspired when he wrote his article ‘Nothing in biology makes sense except in the
light of evolution’ [12]. In addition to other key ecological factors discussed in Section 5,
METAL should therefore consider more explicitly some key evolutionary processes in the
future. In the process of developing such a global theory of biodiversity, considering all
the complexity of biological systems (Box 1), it is important to recognize that mathematical
constraints caused by (i) the number of key dimensions that the niches include in the
terrestrial and marine realms and (ii) the niche–environment interaction also control the
arrangement of biodiversity.
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Simple Summary: Growing a mixture of two or more crop species, particularly cereals and legumes,
can enhance resource use efficiency for growth-limiting resources, such as nutrients. We evaluated
the patterns of nutrient accumulation efficiency in different cultivars of faba bean and wheat grown
in mixtures with and without the presence of weeds in a growth container experiment. The cultivar
used in the mixture determined the amount of nitrogen accumulated by the legumes, but cereals
generally accumulated more nitrogen in the mixtures than when grown as sole crops. Competition
from weeds resulted in lower nitrogen accumulation in the crop plants, and plant neighbor identity
affected the accumulation of other nutrients relative to the accumulation of nitrogen and phosphorus
in the plants. Cultivar choice is therefore important for resource limitation and thereby the growth
performance of plants grown in mixtures.

Abstract: Cereal–legume mixtures are often associated with higher yields than the components
grown as sole crops, but the underlying mechanisms are unclear. The study aims to evaluate how
different cultivars in a two-species wheat–faba bean mixture influence above- and below-ground
nitrogen (N) accumulation in the plant biomass, whether crop mixing affected the accumulation
of other nutrients relative to the accumulation of N and phosphorus (P), and how the nutrient
accumulation pattern in sole crops and mixtures is influenced by weed competition. Using a growth
container experiment, we investigate nutrient accumulation patterns on specific wheat and faba bean
cultivars grown as sole crops and mixtures, and with and without weed competition. We found that
cereals in the mixture accumulated more N than in the sole crops, and the cultivar used influenced
biomass accumulation in the legumes. Competition from weeds reduced the amount of plant N pools
accumulated in the crop plant biomass. Based on stoichiometric scaling exponents, the plant neighbor
affected the accumulation of other nutrients relative to the accumulation of N and P. These results are
relevant for species and cultivar selection, all of which are important prerequisites for maximizing
mixture performance.

Keywords: scaling exponent; cereal–legume; weed competition; species mixtures; nutrient accumulation;
plant–plant interaction

1. Introduction

Increasing the diversity of crop systems could enhance and stabilize crop yields while
increasing ecological sustainability. Legume-supported mixtures are often exploited to
achieve increased nutrient uptake, and hence reduce the requirement for external fertil-
izer input [1,2]. While the realized benefits of growing mixtures have previously been
associated with low input systems, recent studies have shown that intercropping could
realize similar benefits also in high-input systems [2,3]. Species mixtures, especially those
of cereal–legumes, make use of positive plant–plant interactions, which facilitate a comple-
mentary use of resources, such as light and nutrients [4,5]. In addition, mixtures can deliver

Biology 2022, 11, 630. https://doi.org/10.3390/biology11050630 https://www.mdpi.com/journal/biology
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services that may not be realized in sole crops. For example, legumes are weak competitors
against weeds, but growing them as mixtures with cereals significantly improves the weed
suppressive ability of the crop [6,7].

Based on ecological theory, it should be possible to realize the benefits of cereals and
legumes grown as mixtures irrespective of the specific crop component used. In practice,
specific cereal–legume combinations are commonly preferred, which could be related to
cropping regimes that either result in the buildup of diseases [8], or beneficial fungal and
bacterial communities in the soil [9]. Mixtures of wheat (Triticum aestivum L.) and faba bean
(Vicia faba L.) are among the most commonly grown cereal–legume mixtures in Europe
and offer great potential for use in fodder production. The selection of cultivars to include
in these mixtures is crucial in designing productive mixtures, as specific cultivar traits
may influence plant nitrogen (N) dynamics and thus the productivity of the mixture [10].
This is particularly important if the cultivars in the mixture differ in traits that influence
competition between the species and hence increase spatial complementarity, for example,
the shoot architecture, which may affect canopy structure and light interception [11], or the
root length density, which is important for below-ground interactions and the uptake of
nutrients that limit plant growth [12].

Nitrogen and phosphorus (P) are considered the most important for limiting plant
growth [13,14]. For this reason, N and P are the center of attention for most studies that
focus on nutrient use [15], and specifically in cereal–legume mixtures [1,16–18]. However,
other nutrients play a crucial role in different plant processes and can co-limit plant growth.
For example, [15] found evidence for co-limitation by magnesium (Mg) and P in field-grown
wheat using scaling exponents. Scaling exponents determine the balance between different
nutrients and how this balance is affected by different environmental factors. In this study,
we use scaling exponents to quantify the stoichiometric relationship of N and P with respect
to a set of other macronutrients, calcium (Ca), potassium (K), Mg, and sulphur (S). A scaling
exponent >1 indicates that the relative accumulation of the other nutrients in the plant
biomass occurs at a greater rate compared to the combined accumulation of N and P, and a
scaling exponent <1 indicates that the relative accumulation of the other nutrients occurs
at a lower rate compared to the accumulation of N and P [13]. In that context, resource
complementarity is an important mechanism positively influencing plant interaction in
mixtures [5]. Although complementarity in mixtures is mostly known to occur for N and P,
we expect that the same may apply also for other (co-) limiting nutrients. Moreover, due to
plant–plant interactions, the presence of some plants can alter the nutrient concentrations
of other plants growing in the vicinity, for example, as shown for P availability in maize
grown with mixed species of weeds [19].

Using cultivars of wheat and faba bean grown in sole crops and mixtures as our model
system, we aim to evaluate how the different cultivars in the two-species wheat–faba-bean
mixtures influence above- and below-ground N accumulation in the plant biomass, and
whether crop mixing results in different scaling exponents (N and P vs. other macronutri-
ents) than in the sole crops. In addition, we aim to investigate how the N accumulation
and scaling exponents in sole crops and mixtures are influenced by weed competition. The
aims are evaluated by means of a semi-controlled growth container experiment in Uppsala
during the 2019 growing season. Specifically, we hypothesized that: (H1) the wheat grown
in a mixture with faba bean accumulates more N and biomass in the shoots and roots than
when grown in the sole crop, as a result of increased N fixation from the legumes and
the high competitiveness of the cereals; (H2) above- and below-ground N accumulation
depends on the specific composition (i.e., cultivar choice) of the mixture; (H3) resource
competition between the crop and weeds results in lower accumulated plant N pool and
grain yield of the crops; and (H4) scaling exponents differ between sole crops and the same
crop grown in mixture, and are affected by the presence of weeds.
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2. Materials and Methods

2.1. Plant Material

Two cultivars (cv.) of spring wheat (Triticum aestivum L.), cv. ‘Diskett’ and ‘KWS
Alderon’, and faba bean (Vicia faba L.), cv. ‘Boxer’ and ‘Fuego’, were grown as sole crops
and in wheat–faba-bean mixtures. The wheat cv. ‘KWS Alderon’ is hereafter referred to
as ‘Alderon’. All seed material was provided by Lantmännen Lantbruk, Svalöv, Sweden.
The cultivars and species combinations were selected as they were previously grown under
field conditions in Sweden and have contrasting characteristics. Specifically, the cereals
‘Alderon’ and ‘Diskett’ showed contrasting N accumulation, with ‘Alderon’ having higher
N uptake and N accumulation efficiencies than ‘Diskett’ when grown in mixtures with
faba bean in one of the years [10]. In addition to the cultivars used in the different species
combinations, the various sole crops and mixtures were grown with and without a weed
species (Chenopodium album L.), which commonly occurs in agricultural fields in the region,
and has been characterized as highly responsive to the addition of nutrient fertilization [7].

2.2. Experimental Setup

The experiment was conducted in Ultuna, Uppsala, Central Sweden (59◦49′01.3′′ N
17◦39′26.0′′ E) under semi-controlled conditions with plants exposed to similar weather
conditions to those experienced outdoor or in the field, between 13 May–28 August 2019
(Figure S1). The experiment was arranged in a split-plot design with weed treatment as the
main plots and the species combinations in sole crops and mixtures as subplots. Each block
of 17 pots comprised (a) 2 cultivars of faba bean and wheat in sole crops and 2-species
mixtures of the different cultivars grown together with weeds (+weed) and (b) 2 cultivars
of faba bean and wheat in sole crops and 2-species mixtures of the different cultivars grown
without weeds (−weed). An additional pot containing only weeds was included in each
block. The experiment was replicated 8 times resulting in a total number of 136 pots. The
growth medium was composed of mineral soil of 45% sand, 25% gravel, 18% coarse silt,
5% fine silt, and 5% clay. The pH of the mineral soil was 7.6, cation exchange capacity
(CEC) was approx. 5.3 meq/100 g, and base saturation was >80%. The mineral soil was
placed in plastic pots measuring 26 cm in diameter, 21.1 cm in height, and 7.5 L in volume.
Mineral soil was chosen as it facilitated root washing for below-ground assessments. Seeds
of wheat and faba bean were placed in Petri dishes with dump filter paper and left at
room temperature for 48 h. Only pre-germinated seeds were used to ensure 100% seedling
survival at the initial growth stage. The pre-germinated seedlings of each plant species and
cultivar were transplanted to the pots. Based on the different growth characteristics of the
two plant species, which determine space occupancy in a pot, eight and four seedlings were
transplanted for wheat and faba bean, respectively, in the sole-crop pots, while the mixtures
contained half the plant population of each species grown as a sole crop (Figure 1). Seven
days after the planting (DAP) of the crop plants, C. album seedlings were transplanted
to the respective pots with weed treatment (+weed). The C. album seedlings used in the
experiment were of uniform size and selected from a weed population growing naturally
in the vicinity of the experiment. The weeds were added in an additive design to pots that
were identical to the ones without weed treatment (−weed). The plants were supplied with
a uniform concentration of a 2 mL L−1 nutrient solution with a pH of 3.0. At the seedling
stage, 100 mL of the nutrient solution (of concentration 2 mL L−1) was applied per pot once
a week for the first four weeks. With increased crop demand during the growth period,
200 mL per pot was applied twice a week, and after crop flowering, 200 m of the nutrient
solution was applied once a week until harvest. The nutrient solution was prepared from a
balanced, complete fertilizer, ‘Wallco’ (Cederroth International, Upplands Väsby, Sweden),
with NH4

+ and NO3
− N in the proportion 2:3 and containing (g L−1): 51 N, 10 P, 43 K,

4 S, 3 Ca, 4 Mg, 0.17 Fe, 0.20 Mn, 0.10 B, 0.03 Zn, 0.015 Cu and 0.004 Mo. Watering was
conducted when necessary to maintain a sufficient water supply for plant growth.
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Figure 1. Illustration of a pot experimental treatment including wheat and faba bean with each crop
grown as sole crop and in mixture. In half of the pots, the crop plants were grown with the weed
C. album (+weed) and the other half without the weed treatment (−weed). Two cultivars of the cereal
(cv. ‘Diskett’ and ‘Alderon’) and legume (cv. ‘Boxer’ and ‘Fuego’) were used in each case. (A) is
a two-dimensional representation of the treatments and (B) represents the aerial view of the pots,
showing the planting design during the early growth stages.

2.3. Measurements and Sampling

Phenological measurements were taken throughout the growing period, and periodic
destructive samplings were conducted at crop flowering and maturity of the cereals. Whole-
plant harvests were conducted at 78 DAP (wheat flowering) and at 107 DAP (wheat
maturity) to determine above- and below-ground biomass accumulation. Half of the
total number of blocks (4 blocks) were randomly assigned to destructive harvests at each
vegetative sampling point. All biomass samples were dried at 70 ◦C for 48 h. For the plants
harvested at crop flowering, the relative concentrations of N and the macronutrients Ca,
K, Mg, P, and S were analyzed in the biomass of the different species. We focused on the
dynamics of both N and macronutrients at the flowering stage because flowering marks
an important transition from vegetative to reproductive phases in flowering plants. At
maturity, only N was analyzed, but separately for the vegetative plant parts and grains.
The nutrient contents in the biomass were used to calculate the nutrient concentrations and
pools in the different plant parts grown in the sole crops and different mixture combinations,
with and without weeds. We were unable to separate the roots of the different species
in the mixtures, and the biomass and N accumulation in the roots of each component in
the mixtures were therefore calculated based on the proportions of shoot biomass and N
accumulation observed in the corresponding sole crops. This procedure is based on the
assumption that the proportion of above- and below-ground accumulation of each species
is similar in the sole crops and the same crop grown in a mixture.
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2.4. Calculation of Nitrogen Accumulation Efficiency

Nitrogen accumulation efficiency (NAE) and its components were used to evaluate N
acquisition and conversion of the cereals and legumes grown as sole crops and in mixtures,
with and without the presence of weeds. The evaluations were based on the formula:
NAE = UN × EN,g × CN,g [20,21]. UN, the mean N uptake efficiency, is the component that
represents the mean N uptake of the plant during the growth period and accounts for the
N acquisition aspect of the plant per unit N in the sown seed. EN,g is the grain specific
N efficiency, calculated as a ratio of grain biomass at harvest and mean plant N content
during the entire growth period. The grain specific N efficiency represents the N conversion
aspect of the plant. CN,g is the grain N concentration: the ratio of grain N content and grain
biomass produced at harvest.

2.5. Calculations of Scaling Exponents for Nutrient Concentrations

A niche volume concept was applied to analyze the relationships between the veg-
etative tissue concentrations of N and P (expressed as their volume, VNP) and the con-
centrations of other macronutrients (VOth; Ca, K, Mg, S) [13]. Thus, based on the scaling
relationship VOth = β(VNP)α, a faster increase in VOth in relation to VNP is reflected by
scaling exponents (α) > 1, whilst a slower increase in VOth in proportion to VNP is reflected
by scaling exponents < 1. Calculations of scaling exponents were based on data from the
flowering stage only. All regressions for the stoichiometric volumes were calculated as
reduced major axes (RMA; SPSS version 26) using ln-transformed values as is conventional
in this type of allometric analyses [22].

2.6. Statistical Analysis

Apart from the calculations of scaling exponents, all other statistical analyses were
performed in R version 4.0.2 (R Core Team, 2020). Before analysis, data were checked to
ensure that the assumptions for normal distribution and equal variances were met. Data
that did not meet the assumption for normality were log-transformed (loge) before analysis.
Linear mixed-effects models (nlme Package: ‘lme’ by Pinheiro et al. [23]) were used, with
each species analyzed separately for each sampling occasion. Mixture treatment (Mix.Sole),
the cultivar in the mixture (Cultivar) and the weed treatment (Weed) were treated as fixed
effects, while Weed nested within block as random effects. The calculation for NAE was
based on data from both flowering and maturity, and instead of evaluating the different
species depending on the mixture and weed treatments within each block, species were
grouped based on the treatment for the whole experiment. Therefore, the model structure
was similar as above (i.e., Cultivar, Mix.Sole and Weed as fixed effects), but the assigned
treatment (Treatment) was regarded as random effect.

3. Results

3.1. Differences between Sole and Mixed Culture Were Mostly Related to N Uptake Efficiency, Not
N Conversion Efficiency

Wheat grown as mixtures accumulated greater amounts of N in the shoots compared
to the sole-cropped wheat. For example, at maturity, wheat cv. ‘Alderon’ accumulated
41.5% more N in the shoots when grown as a mixture than as a sole crop together with
weeds (Figure 2, Table 1). In contrast, the plant N pools of the legumes were higher in the
sole crops than in the mixtures at both flowering and maturity (Table 1). At flowering, this
translated to 55.1% and 6.4% greater N pool in sole crops of Faba bean cv. ‘Boxer’ and cv.
‘Fuego’, respectively, compared to growth in the mixed setup without weed competition.
Based on the calculated NAE components (Figure 3), N uptake efficiency (UN) followed a
similar trend as the accumulated N in the biomass. The high UN of wheat in the mixture
was associated with more biomass and N accumulation in the shoots than in the sole crop,
while in the legumes, high UN in the sole crop was associated with more biomass and N
accumulation in the sole crop than in the mixtures. The grain specific N efficiency (EN,g),
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which represents the N conversion aspect of the plant, and grain N concentration (CN,g)
were similar in the sole crops and mixtures of both wheat and faba bean.

Figure 2. Above and below ground mean plant N pools for different wheat and faba bean cultivars
pot-grown as sole crops and in mixtures, and sampled at flowering (A) and maturity (B). Each
cultivar (Ald, ‘Alderon’; Dis, ‘Diskett’; Box, ‘Boxer’; and Fue, ‘Fuego’) was grown as a sole crop and
in mixture, with (+) and without (−) the weed C. album. Above-ground N pools were calculated from
leaves, stems and heads/pods (grains at maturity). Note the different scales in (A,B). The error bars
represent ± 1SD.

Table 1. Analysis of variance for plant nitrogen pools in the shoot and roots of different cultivars of
wheat and faba bean grown as sole crops and mixtures sampled at flowering and maturity. Symbols
show results with significant levels: *** = p ≤ 0.001; ** = p ≤ 0.01; * = p ≤ 0.05.

Factor Flowering Maturity

Cereal Legume Cereal Legume

Shoot

Weed 0.2028 0.4512 0.0246 * 0.1430
Cultivar 0.4714 <0.0001 *** 0.5768 0.7630
Mix.Sole <0.0001 *** 0.0006 *** <0.0001 *** 0.0008 ***

Weed×Cultivar 0.4912 0.4661 0.9034 0.3167
Weed×Mix.Sole 0.5915 0.2649 0.4683 0.1726

Cultivar×Mix.Sole 0.4418 0.3256 0.0893 0.7012
Weed×Cultivar×Mix.Sole 0.8027 0.4774 0.5317 0.2482

Root

Weed 0.0080 ** 0.0190 * 0.1781 0.0645
Cultivar 0.9514 <0.0001 *** 0.0870 0.0017 **
Mix.Sole <0.0001 *** <0.0001 *** <0.0001 *** <0.0001 ***

Weed×Cultivar 0.3825 0.9960 0.5227 0.1756
Weed×Mix.Sole 0.0012 ** 0.1450 0.3454 0.0513

Cultivar×Mix.Sole 0.8327 0.8606 0.2458 0.0297*
Weed×Cultivar×Mix.Sole 0.6327 0.8662 0.6260 0.5824
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Figure 3. Nitrogen accumulation efficiency (NAE) components for cereals (A) and legumes (B),
showing N uptake efficiency (UN), grain specific N efficiency, EN,g), grain N concentration (CN,g)
and shoot dry weight at flowering. The different cereal and legume cultivars were pot-grown as sole
crops and mixtures, with (+weed) and without (−weed) C. album. The full cultivar names are the
same as in Figure 2. Symbols show ANOVA results with significant levels: ** = p≤ 0.01; * = p≤ 0.05;
and ns= non-significant. Error bars represent ± 1SD.

The specific cultivar of the legume used influenced biomass and shoot N accumulation
at flowering (Table 1), while the presence of the weed C. album reduced the N pool only
for the wheat at maturity. There was no effect of weeds on any of the NAE components,
as similar UN, EN,g and CN,g were found in all cases (Figure 3, Table S1). At both crop
flowering and maturity, wheat accumulated more root N when grown in a mixture than
as a sole crop (p < 0.000). In contrast, the legumes had higher root N in the sole crop than
when grown as a mixture at both sampling periods (p < 0.000). The cultivar variable only
had marginal effects on root N accumulation in the mixtures (p = 0.057 and p = 0.054 at
flowering and maturity, respectively).

3.2. The Reduction in Plant N Pools in the Mixtures Is Correlated with Weed
Biomass Accumulation

The total plant N pools in the cereals grown in the mixtures decreased with in-
creasing amounts of biomass accumulated by the weeds at both flowering and maturity.
(Figure 4A,B; p = 0.001 and p < 0.009 for flowering and maturity, respectively.) The crop
cultivars used in the mixtures did not influence the relationships between the plant N pools
and accumulated shoot biomass in C. album. Similarly, growing weeds in the same pots
with the legumes did not significantly reduce the plant N pools for the legumes at both
flowering and maturity (flowering; R2 = 0.02, p = 0.567 and maturity; R2 = 0.18, p= 0.108).
Despite the reduction in plant N pools of the cereals, the cereal yield, assessed as head
weight, was not affected by weed growth as no difference was found between crops grown
with and without the weed (C. album). All cereal cultivars grown in the mixtures had higher
yields than the same cultivars grown as sole crops (Figure 5A, Table S2). The greatest yield
difference was observed in the wheat cv. ‘Alderon’, where 50.7% greater head weight was

51



Biology 2022, 11, 630

observed when intercropped with faba bean cv. ‘Fuego’ in the absence of weed competition.
For legumes, ‘Boxer’ in a ‘Boxer’–‘Alderon’ mixture grown without C. album produced
a higher yield (pod weight) than when grown with C. album (Figure 5B, Table S2). The
yield-related loss attributed to weed competition was 1.59 g plant−1, equivalent to a 49.8%
lower yield under weed competition. Similarly, only ‘Boxer’ both in mixtures with ‘Alderon’
and ‘Diskett’ had yields higher in the mixture than the sole crop.

3.3. Plant Neighbor Affects the Accumulation of Other Nutrients (Ca, K, Mg and S) Relative to the
Accumulation of N and P

We found a higher scaling exponent for nutrient concentrations in the legumes than the
cereals, implying the relative accumulation of nutrients other than N and P (i.e., Ca, K, Mg,
S) was greater in the legumes than the cereals (Table 2). Crop mixing significantly decreased
the scaling exponent of the cereals compared to growing them as sole crops, implying
less accumulation of other nutrients (Ca, K, Mg and S) in relation to the accumulation of
N and P (p = 0.016, Table 3). Growing the weed C. album in the same pots significantly
increased the scaling exponents of the legumes compared to growing the same legumes
in the absence of the weed (p = 0.005). The scaling exponents did not significantly differ
between the cultivars.

Table 2. Scaling exponents (α) for cereals and legumes grown as sole crops and in mixtures, with
and without the weed C. album, based on the nutrient volumes for N and P (VNP) vs. the volumes
of other nutrients (VOth; K, Ca, Mg and S). The scaling exponents were based on data from the
flowering stage.

Group Scaling Exponent (α) N SE

Cereals sole 1.349 8 0.026
Legumes sole 2.001 8 0.012
Cereals mix 1.284 16 0.012

Legumes mix 2.033 16 0.025
Cereals + Weed 1.329 8 0.034

Legumes + Weed 2.077 8 0.019

Figure 4. Relationships between total plant N pools and weed shoot biomasses for the cultivars of
cereals and legumes pot-grown in mixtures and with the weed C. album. The plants were sampled at
(A) flowering and (B) maturity. Both cultivars of cereals and legumes were considered in the analysis.
Open and closed square symbols represent ‘Boxer’–‘Alderon’ and ‘Boxer’–‘Diskett’ cultivar mixtures,
respectively, while open and closed circles represent ‘Fuego’–‘Alderon’ and ‘Fuego’–‘Diskett’ cultivar
mixtures, respectively. Lines indicate linear regressions at crop flowering: cereals y= 0.087–0.031x
and legumes y = 0.068–0.011x with p ≤ 0.001 and p = 0.567, respectively; and at maturity: cereals
y = 0.21–0.014x and legumes y = 0.27–0.025x with p < 0.0098 and p = 0.108, respectively.
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Figure 5. The mean (A) head height for wheat and (B) pod weight for two faba bean cultivars
pot-grown as sole crops and in mixture, with and without the weed C. album at maturity. The error
bars represent ±1 SD of the different cultivar combinations. The cultivars whose names appear in
bold correspond to the ones presented in the graph. Symbols show ANOVA results with significance
levels: *** = p ≤ 0.001; ** = p ≤ 0.01; * = p ≤ 0.05; and ns= non-significant.

Table 3. Pairwise comparison of scaling exponents following analysis of variance for cereals and
legumes grown as sole crops and mixtures, with and without the C. album weed. The scaling
exponents were based on data from the flowering stage. Symbols show results with significant levels:
*** = p ≤ 0.001; ** = p ≤ 0.01; * = p ≤ 0.05.

Comparison F-Value p-Value

Cereals sole vs. Legumes sole 518.42 0.000 ***
Cereals sole vs. Cereals mix 6.85 0.016 *

Cereals sole vs. Cereals + Weed 0.22 0.648
Legumes sole vs. Legumes mix 0.76 0.393

Legumes sole vs. Legumes + Weed 11.44 0.005 **
Cereals mix vs. Legumes mix 729.52 0.000 ***

Cereals + Weed vs. Legumes + Weed 368.82 0.000 ***

4. Discussion

The point of departure for this study was the set of results from a field experiment in
which the same wheat and faba bean cultivars were grown as sole crops and in mixtures
for two years [10], but with the difficulties associated with field studies, such as the limited
possibilities to control growth conditions (e.g., plant neighbors, including weeds) and the
consideration of below-ground plant parts. This investigation therefore complements the
field study by Ajal et al. [10] and provides additional insights into the mechanisms under-
lying plant–plant interactions, especially with regard to nutrient accumulation patterns,
including nutrients other than N. Furthermore, by linking plant functional traits to plant
diversity and ecosystem processes, our research contributes to the further understanding
of the mechanisms underpinning plant community productivity, stability and nutrient
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dynamics, and thus to biodiversity–ecosystem function (BEF) theory development, for
which a clear mechanistic understanding is still lacking [24,25].

4.1. Effect of Diversity on N Accumulation Efficiency and Plant Biomass: Do Cultivars Matter?

We observed the contrasting effects of diversity on shoot N accumulation by wheat
and faba bean, with the wheat and faba bean having higher shoot N pools in the mixtures
and sole crops, respectively. Plant–plant interactions between crop species with different
functional trait values facilitate complementarity, which ensures a more complete resource
use for the components in the mixture [26]. Furthermore, the spatial distribution of plants
or temporal availability of resources ensures that a more complete resource capture is
achieved by the plants in the community [27]. In line with the above, our results were
consistent with hypothesis H1. More biomass and N accumulation of the cereals in the
mixture than sole crop were associated with a higher N uptake efficiency (UN), which
suggests that the mixtures had accumulated more plant N than the sole crops. Although
contrary to the cereals, the legume performance supports the results from several other
studies that have shown the competitive disadvantage of legumes, especially when in
interaction with cereals [6,10,28]. Compared to the legumes, cereals can achieve a more
developed root system at a faster rate, especially in the early stages of crop development,
which enables the exploration of larger soil volumes for the uptake of resources such
as water and nutrients [16,29,30]. Ideally, a high N acquisition rate, as we observed in
cereals that were grown in mixtures, would need to be complemented by a high conversion
efficiency of the acquired N in order to maximize grain yield. However, the yield increase
in the mixture was exclusively explained by N acquisition since we found no evidence for
enhanced N conversion efficiency (represented by grain specific N efficiency, EN,g, in our
study) in the mixtures. The high accumulation of shoot N pool in the legume sole crops may
be explained by a low competitive pressure due to the absence of a highly competitive plant
neighbor (wheat), and the reliance on N fixation to meet part of its N requirement. The faba
bean cultivar used, either in the sole crop or mixture, influenced the amount of N pools
accumulated both above- and below-ground at flowering and maturity. Although we do
not have any empirical evidence for the cultivar differences, a plausible explanation could
be related to the differences in biological N fixation, which ensured that a different amount
of N was utilized by the crop during the growth period as was, for example, illustrated
in the pea by Hauggaard-Nielsen et al. [31]. The differences between the cultivars of faba
bean may have implications for management, especially in relation to cultivar selection,
when designing a mixed crop system. Although we here focused on cultivar differences for
plant N pools, the same trend may also apply for N uptake or leaf area index (LAI), because
N is known to enhance plant leaf and canopy development [32]. Incidentally, canopy
structure is one of the traits that can be manipulated to allow maximum light interception
in crop mixtures [33]. Therefore, farming practitioners could consider more functionally
different canopy characteristics when choosing components to include in mixtures because
they, together with other factors, influence radiation use efficiency (RUE). As expected,
we found that the shoot N pool increased between flowering and maturity in both cereals
and legumes. However, in a few cases, the N pools of the cereals were similar or even
decreased between flowering and maturity when the same cultivars were grown in the
field [10]. From the onset of crop flowering to maturity, many physiological changes occur
that relate to N remobilization from the leaves or N re-allocation to the grains, which may
be influenced by various factors. For example, the time of leaf senescence (i.e., delayed
senescence), which favors prolonged photosynthesis, and the high N stored at flowering
can favor more grain N accumulation at maturity [34].

4.2. Weed Influences N Accumulation Efficiency in Wheat–Faba-Bean Mixtures

The diversity in crop mixtures, especially when accomplished by species or cultivars
with great differences in functional traits, may facilitate more efficient resource use, which
is associated with the complementary sharing of resources from a common pool [5,35]. In
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such cases, complementarity or facilitation supersedes interspecific competition between
the components of the mixture. Competition from weeds is undesirable and associated
with the reduction in the quality or quantity of yield [36,37]. In the case of this study,
competition from the weed C. album resulted in less accumulated plant N pools in the
crops at both flowering and maturity, which is consistent with our hypothesis H3. It is
likely that most of the N that the wheat and faba bean were deprived of, or did not take up,
constituted the portion accumulated by the weeds for biomass production. This is based
on the assumption that the crop and weeds draw resources from the same resource pool
given that resource pool similarity or diversity can have different influence on crop–weed
competition intensity [38]. The lower plant N accumulation by the crop plants when grown
together with C. album is consistent with the results by Jäck et al. [7], in which accumulated
N by the weeds (C. album) was positively correlated and increased with increasing N
available to the weeds, although the study was based on a pea–barley mixture. It should
also be noted that C. album is a highly responsive weed in relation to N availability [7].
These two factors taken together may explain the observed relationship between the total
plant N pools of the crop plants and the biomass accumulation of the weeds. However,
in general, the competition from C. album was not strong enough to compromise the
crop yield, except in the faba bean cv. ‘Boxer’. We think this was associated with the
weak competition between the crop and the weed for above-ground resources. Under
controlled conditions (e.g., pot experiments), where interaction is usually among few plants,
individual species in the interaction may efficiently utilize light (hence light becomes non-
limiting for growth), and stronger competition for resources, such as water and nutrients,
is likely to occur below- than above-ground [39]. In the field, changes in the canopy
structure make competition for light between the crop and weed an important element
of the interaction, which is significant in the suppression of weeds. Therefore, the better
performance of all cereal cultivars in the mixtures compared to the sole crops, irrespective
of whether in interaction with the weed or not, is due to the higher competitiveness of the
cereals than the legumes. Cereals generally have faster initial growth than the legumes
under similar growth conditions and possess more developed and deeper root systems that
favor greater resource uptake.

4.3. How Does N and P Uptake Relate to Other Major Nutrients? Does Mixing Improve the
Accumulation of the Other Nutrients?

Compared to other nutrients, N and P have been extensively studied, which is at-
tributed to their role as being the most limiting for plant growth [13]. The relative ac-
cumulation of nutrients other than N and P, especially in cereals and legumes grown as
sole crops and mixtures, provided new insights for nutrient balance as a result of species
interactions. Through this study, we showed that the specific cultivar or plant species used
significantly affects the nutrient accumulation and stoichiometry of the neighboring plants
grown together in the same pot. We expected the scaling exponents for wheat and faba
bean to differ when grown in sole crop or mixture (hypothesis H4). Indeed, the cereals in
the mixture (with legumes) significantly decreased their scaling exponent, implying that
the interaction with the legumes reduced the relative accumulation of nutrients other than
N and P. The cereals rely on N and P accumulation for important growth processes, such
as tillering (N) [40] and root development and energy metabolism (P) [41]. Therefore, it
is not surprising that, when the accumulation of other nutrients increased at a lower rate,
more N and P were accumulated. Although we found no significant variation in the scaling
exponents of faba bean grown in sole crop and mixture, the scaling exponent of faba bean
(legume) was generally higher than that of wheat (cereal). The difference in the crop species
scaling exponents implies that the relative accumulation of nutrients other than N and P
was greater in the legumes than the cereals. We attribute this to the N-fixing nature of the
legumes, which promotes the reliance on fixed N to meet part of its own N requirement.
Thus, the increase in demand (and accumulation) of other nutrients is more important for
the legumes than the cereals [17]. In the presence of weed competition, weeds pose a strong
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competition for N with the legumes, e.g., as earlier illustrated for pea in competition with
C. album [7]. Since the legumes often and to a high degree rely on N from atmospheric
N fixation, the need to accumulate other nutrients might become more important than
accumulating N. In addition, it has been shown in another study that weed mixtures (in-
cluding C. album) can facilitate the greater uptake of P due to the mycorrhizal colonization
of the roots [19]. This may partly explain why in our study the scaling exponents of the
legumes increased in the presence of weeds. It is worth highlighting the magnitude of
scaling exponents (scaling exponent >2) of the legumes in the mixture or when grown
together in a mixture with the cereals and weed, which resulted in a strong and significant
effect of the neighboring plant on nutrient stoichiometry. This observation is particularly
important as it may have implications for nutrient (co-) limitation as shown earlier by Weih
et al. [15]. The co-limitation may be applicable in this study since having a legume or a
weed as a neighboring plant may result in more accumulation of one or more nutrients
other than N and P, but may also be applicable in the field, especially when crop mixtures
are grown. However, the observed effects of plant neighbor on nutrient stoichiometry must
be validated in field experiments.

4.4. Implications for Field Conditions and Management

This study was based on species combinations that have previously, under a different
set of objectives, been tested under field conditions [7,10]. We conducted this study under
semi-controlled conditions, specifically to enable us to sample both above- and below-
ground plant parts. Interestingly, some trends were consistent with the findings of the field
studies by Ajal et al. [10] and Jäck et al. [7], for example, the relationship between crop
and weed N accumulation. However, as in the case of many controlled studies, concerns
of their applicability under field conditions often arise. Nevertheless, the findings from
this study are important in making informed decisions when designing crop mixtures.
Specifically, the difference in N accumulation and biomass in the shoots of different faba
bean cultivars suggests the need to focus on specific cultivars with traits that enhance
nutrient accumulation efficiency. The increased N pools between flowering and maturity
may also have implications for nutrient management. This suggests that split application
should be considered, with one application performed relatively late in the season (for
example, around booting of the cereals) to facilitate more N accumulation at a later stage
during the growth period, and translocation to the grains for higher quality products.

4.5. Study Limitations

The number of cereal and legume cultivars in this study was limited to only two
cultivars per species, which limited the potential to explore the scaling exponent variability
compared to if more cultivars had been used. We also estimated the dry weight and
plant N pools of the roots based on the assumption that their proportions above- and
below-ground are similar when grown as sole crop and in mixture. We acknowledge
that, although this enabled us to estimate root characteristics, the plasticity of traits may
be influenced by the different growth conditions in the mixtures compared to the sole
crops. The mentioned limitations notwithstanding, we think this study generated valuable
information for nutrient accumulation and species interaction in crop mixtures.

5. Conclusions

This study demonstrated some mechanistic links explaining why species and cultivar
choice is important for resource limitation, plant-internal resource allocation and use and,
ultimately, the growth performance of plants grown in mixtures with and without the
presence of co-existing weeds. Crop interaction with weeds (C. album) results in reduced
amounts of N pools accumulated by the crop plants, especially wheat, a mechanism similar
to the effect of cereals on legumes when the two are grown together. These interactions are
strongly modulated by the characteristics of the crop cultivars used in the mixture. Results
from the analysis of stoichiometric scaling exponents show that the relative accumulation
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of other nutrients (Ca, K, Mg and S) by the crops compared to the accumulation of N and P
depends on which plant neighbors the focal plant has. Since this study involved different
crop species, cultivars and crop interaction with weeds, it provides new insights necessary
for evidence-based species selection when designing crop mixtures. Future plant physio-
logical studies on the mechanisms underlying the differential accumulation of nutrients
when grown with different neighbors are important for our understanding of plant–plant
interactions. Furthermore, studies involving specialized techniques for quantifying below-
ground interaction in mixtures, for example, DNA-based methods or Infrared Spectroscopy,
could provide more precise measures for quantifying root interactions between different
species in the mixture than was possible with the method used in our study.
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(Sweden); Table S1: Analysis of variance for Nitrogen Accumulation Efficiency (NAE) components
and shoot dry weight at flowering for different cultivars of cereals and legumes. The different
cultivars (Cultivars) were grown as sole crops and in mixtures (Mix.Sole), with and without C. album
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Marek Let *, Jan Černý, Petra Nováková, Filip Ložek and Martin Bláha *

Faculty of Fisheries and Protection of Waters, South Bohemian Research Center of Aquaculture and Biodiversity
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Simple Summary: Mayflies (Ephemeroptera), stoneflies (Plecoptera), and caddisflies (Trichoptera)
(EPT) are aquatic insects that are well known to the general public and are commonly used as
indicators of environmental quality in water management. Knowledge of how EPT communities
react to human-induced gradients in real environments can be important, for example, during the
assessment of the implications of newly planned or currently active human disturbances for natural
or cultural landscapes. We sampled a stream ecosystem affected by mining and smelting industries
and communal wastewaters with pronounced concentrations of cadmium, lead, and zinc, as well as
high levels of pesticides, pharmaceuticals, illegal drugs, and sewage-derived organic matter. Changes
in other environmental factors such as increases in temperature were also studied at the affected
sites. The abundance and species richness of stoneflies fell rapidly at the study sites. The richness
of mayfly families also declined, from four to one, even though overall mayfly abundance was
not affected. Conversely, the abundances of caddisflies were higher at the affected sites, and their
richness did not decrease. This study will provide feedback for ecotoxicologists who perform better
controlled and manipulated tests in laboratories, although any such test results are limited by simple
artificial environments.

Abstract: Abundances of EPT larvae sampled in a Central European locality affected by mining
and smelting, as well as by the continual inflow of treated communal wastewaters (WWs), were
recorded. High concentrations of trace metals in water (maximum 1200 μg·L–1 for zinc) and sediments
(maximum 140,000 mg·kg–1 in dry weight for lead) were found at the most contaminated sites. The
highest loads of pesticides, pharmaceuticals, and illegal drugs were found under the WW effluent.
Other associated factors such as the physicochemical parameters of the water and alterations to
microhabitats were also evaluated and taken into account. Although EPT richness was lower at
affected sites, abundances did not fall. Stoneflies were dominant at unaffected sites, while caddisflies
dominated at affected sites. Only baetid mayflies were detected at the sites contaminated by trace
metals and WWs; ephemerellid, heptageniid, and leptophlebiid mayflies were absent from these
sites. The site contaminated by trace metals was also inhabited by numerous limnephilid caddisflies,
in which limb malformations were detected in up to 11.8% of all specimens of a single taxon.
Downstream from the entrance of the WWs, the locality was dominated by hydropsychid caddisflies.
The increasing prevalence of predator or passive filter-feeding strategies in these EPT communities
was significantly related to increasing water conductivity and acute ecosystemic exposure to ‘poorly
treated’ WWs.

Keywords: anthropogenic disturbances; aquatic insect; environmental gradients; heavy metals;
industrial pollution; wastewater treatment plant
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1. Introduction

The aquatic insect orders of mayflies (Ephemeroptera), stoneflies (Plecoptera), and
caddisflies (Trichoptera) (henceforth, EPT) are frequently used indicators of environmental
quality, particularly in running waters [1,2]. Their larvae dominate in unpolluted head-
waters where proportions of fine sediment deposits are low and are essential for correct
nutrient flow cycling in these environments [3–5]. The contribution of EPT taxa adapted
to conditions in downstream ecosystems (lower rhithral and potamal zones) is likewise
important, although populations of these specialists, namely certain species of mayflies
and stoneflies, are prone to be decimated by the cumulative effects of intensive human
activities in lowland areas [6–8].

Given their rapid expansion through the natural environment, the ecological impact of
human-induced gradients needs to be monitored, and possible threats are objectively pre-
dicted. The contamination of stream ecosystems by toxicants is a global issue; nevertheless,
engineering work severely modifies the morphology of whole catchment areas and causes
substantial changes in hydrological regimes, habitat structure, and water quality [8–10].
Hence, communities in running waters in cultural landscapes are habitually subjected
to multiple anthropogenic factors [11]. Therefore, the manipulative testing of stressors
within controlled conditions is now seen as increasingly important. Despite this, natural
experiments (observational studies) are still needed to reflect the validity of derived results
and vice versa [12].

The experiment described in this work explored an EPT community in a temperate
zone in the European Central Highlands ecoregion [13], specifically, in a catchment area
severely affected by industrial pollution (trace metals) and treated municipal wastewaters
(WWs) whose levels are relatively high in terms of current European standards [14,15]. Mea-
sured confounding environmental variables (EVs)—concentrations of pesticides, physic-
ochemical parameters of water, choriotopic composition, and current velocity—were
included in the analyses of the changes in community composition. The shift in artifi-
cially/hierarchically assigned values for feeding strategies in the EPT community along
with measured gradients of the EVs was also tested.

The contamination of streams by trace metals (often generalised as ‘heavy metals’)
is a global phenomenon, and many studies tackling the responses of macroinvertebrate
communities have identified mining as the cause of this type of pollution [16–19]. Increased
concentrations of cadmium, copper, lead, and zinc—the so-called ‘bivalent metals’ that
bind to both sulphur/nitrogen and oxygen groups—are most often reported as the cause of
shifts in stream macroinvertebrate compositions in real environments or as the potential
origin of impaired bottom-up control in ecosystems [20,21]. It is easy to misinterpret an
oversimple comparison of concentrations measured in a real environment with the lethal
values estimated for several EPT taxa under controlled conditions since many contradic-
tions between observational studies and laboratory or mesocosm experiments exist in
assessments of the toxicity of trace metals for aquatic insects [22].

Effluent from wastewater treatment plants (WWTPs) often represents an ‘entrance
gate’ for many pollutants, including sewage-derived particulate organic matter (SDPOM),
nutrients, pesticides, active pharmaceutical compounds (PhACs), synthetic organic com-
pounds, phthalates, and trace metals into streams [14,23–27]. Over the past two decades,
there has been a general decrease in organic matter and nutrient content in outputs from
modernised WWTPs in the European Union [28]. Nonetheless, the continual release of
compounds that are resistant to conventional purification technologies from WWTPs still
occurs [29,30]. In addition, uncontrolled outflows of raw sewage from WWTPs and sewer
infrastructure, especially during storm events, persist and represent a further challenge to
the protection of natural water resources [31].

This article attempts to decipher the relationships between these human-induced
gradients and EPT taxa and their feeding strategies which could be beneficial and permeable
in such an impaired environment. It provides a list of taxa that can be considered tolerant
to particular types of pollution, and the possible susceptibility of missing taxa is compared
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and discussed with previous reports. Since EPT taxa usually represent the essential part
of macroinvertebrates in streams [3–5] and the shift in feeding strategies may reflect the
change in available food resources, the article also provides partial evidence about the
human-induced changes in the functioning of lotic ecosystems, namely, in nutrient cycling
and energy flow [32].

2. Materials and Methods

2.1. Locality Description

The two surveyed localities—(i) Obecnický brook and (ii) Litavka river—are situated
in central Bohemia (Czech Republic, Central Europe; spring to confluence: (i) N 49.7186939,
E 13.8732253–N 49.7083778, E 13.9831206 and (ii) N 49.6563228, E 13.8557881–N 49.9602636,
E 14.0847414; Figure 1). EPT larvae were sampled at four sites:

(i) Site 1 was a stretch of the Obecnický brook in the Brdy highlands above the Obec-
nice reservoir (third-order watercourse according to Strahler’s system; N 49.7181961,
E 13.9110308–N 49.7176411, E 13.9214808; Figures 1 and S1). This site was assumed to
be the least affected by human activities, although forestry management has taken
place in the area for many years, and there was once here a military firing range.
Although increased acidity in this catchment area due to high emissions of sulphur
and nitrogen compounds has been reported in the past, this area seems to have par-
tially recovered [33]. The catchment area consists of spruce plantations, forest-free
artificial moorlands (the former artillery range), and peat bogs. The brook’s water
has very low turbidity, and its rusty brown colour is likely to be caused by humic
substances. By comparison, a few spring-fed tributaries had transparent water (an
abundant population of acid-sensitive gammarids was observed in one unnamed
tributary). Mature spruces grow along the brook edges, along with a few young alders.
Particulate organic matter consists mainly of spruce needles, cones, and twigs, as well
as leaf litter from the alders, birches, and old unharvested beeches. The brook bottom
is densely covered in places by mosses (e.g., Fontinalis antipyretica) and species of
Marchantiophyta. Despite not monitoring fish populations by electrofishing, brown
trout (Salmo trutta) were observed during the macrozoobenthic sampling (Table S9).
Fišer et al. [34] reported the presence of the brook lamprey (Lampetra planeri), brook
trout (Salvelinus fontinalis), and European perch (Perca fluviatilis) at this site four years
before our study began. Insects were prevalent in the macrozoobenthic samples,
although only a few small oligochaetes, crustaceans, and molluscs were found;

(ii) Site 2 consists of a stretch of the Obecnický brook below the Obecnice reservoir
(third-order watercourse according to Strahler’s system; N 49.7161703, E 13.9312433–
N 49.7161931, E 13.9346444; Figures 1 and S1). Discharge here was usually lower
than at Site 1 because of continuous water abstraction from the reservoir. Water
retention and discharge manipulation also influence the colour and turbidity, which
were both different from those observed at Site 1 (from dark brown with greater
turbidity to crystal clear). Site 2 is surrounded by forest where little management
occurs, and the brook edges are lined by old alders in the lower part, which increases
the site’s heterogeneity by forming wide pools or dividing the brook into several
branches (the gradient was also approximately one quarter less). Proportionally
more leaf litter from deciduous trees was observed here than at Site 1. The brook
bottom is covered in places by mosses (F. antipyretica). Fish stocks consist of brown
trout, brook lamprey, and stone loach (Barbatula barbatula) (in decreasing order of
abundance; Table S9). Insects prevailed in the macrozoobenthic samples, although
small oligochaetes, crustaceans (Gammarus sp.), and molluscs (Pisidium sp. and
Ancylus fluviatilis) were relatively abundant;

(iii) Site 3 was on a stretch of the Litavka river below its confluence with the Obecnický
brook (fourth-order watercourse according to Strahler’s system; from N 49.7100606,
E 13.9884817–N 49.7112883, E 13.9961850; Figures 1 and S2). This site has been heavily
affected by the local industrial activity (mining, smelting and processing of silver,
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iron, lead, zinc, and uranium) that has been active for several centuries [15]. An active
industrial complex that recycles, above all, lead waste occupies part of the river’s
alluvial plain. Heaps of waste material (especially sodium slag) are still stored sev-
eral meters from the riverbank. Nevertheless, all mining activity has ceased. Here,
the effects of agricultural disturbance are also likely to occur as arable fields cover
approximately half of the deforested catchment area (excluding human settlements).
The rest of the catchment is covered by pastures and meadows. The effect of the
municipal WWs is presumably low because of a relatively small human population
upstream. The riparian vegetation has been substantially reduced upstream along the
Litavka river (third-order watercourse according to Strahler’s system), which has been
channelled in places between artificial banks. In addition, several shallow reservoirs
(up to 7 ha), including some small sludge deposits, are situated upstream. We sampled
the upper channelled parts with old reinforced banks and little riparian vegetation, as
well as a lower unchannelled, naturally heterogenic stretch (morphologically similar
to those described for Site 2) with banks lined with old alders and willows (Figure 1).
The fish stocks here consist of common minnow (Phoxinus phoxinus), brown trout, and
European perch (in descending order of abundance; Table S9). Insects prevailed in the
macrozoobenthic samples, and small oligochaetes were relatively abundant, but crus-
taceans and molluscs were almost totally absent from the macrozoobenthic samples;

(iv) Site 4 was a stretch of the Litavka river downstream from its confluence with the
Příbramský brook (fourth-order watercourse according to Strahler’s system; from
N 49.7113508, E 14.0093011–N 49.7198211, E 14.0133511; Figures 1 and S2). This
site was expected to be the most affected by anthropogenic activities because of the
combination of industrial pollution from mining and smelting and contamination
by treated municipal WWs from the town of Příbram. Treated WWs are continu-
ally pumped into the Příbramský brook approximately 900 m upstream from its
confluence with the Litavka river. According to Grabicova et al. [14], Site 4 has the
greatest concentrations of psychoactive PhACs of all the inspected localities, prob-
ably because of the low dilution possibilities (i.e., a small watercourse receiving
relatively large amounts of municipal WWs). As at Site 3, we sampled an upper
channelled stretch with artificial banks and little riparian vegetation, as well as a
lower unchanneled section. Nonetheless, this morphologically heterogenic stretch
only had a narrow and irregular fringe of riparian trees (alders and willows), possibly
because of the dynamic migration of the river’s course across its alluvial plain [15].
The fish stock consists of common minnow, common roach (Rutilus rutilus), chub
(Squalius cephalus), gudgeon (Gobio gobio), brown trout, European perch, common
bream (Abramis brama), common rudd (Scardinius erythrophthalmus), stone loach, and
rainbow trout (Oncorhynchus mykiss) (in descending order of abundance; Table S9).
The occurrence of limnophilic fish was due to the presence of aquaculture ponds
upstream. There was no clear dominance by insects in the macrozoobenthic samples
since small oligochaetes, leeches (e.g., Erpobdella octoculata, Helobdella stagnalis), and
the water louse (Asellus aquaticus) were very abundant. Molluscs were detected in
low numbers.
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Figure 1. Map of the study area. The yellow circles indicate the sampling points. A set of three
sampling points represents a whole plot. The contoured orange-coloured areas in the close-up view of
Site 3 (lower left-hand corner) are slag heaps and waste material generated by the smelting industry.
The river’s flow direction is indicated by blue arrows.
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2.2. Sampling and Analysis of Samples

The whole sampling campaign was conducted in 2020, specifically on 11 May, 24 June,
11 August, and 24 September. The macrozoobenthos were sampled using a Surber sampler
(30 × 30-cm frame, 500-μm mesh) at four sampling sites and three points (triplicates) at
each site (see part 2.1. ‘Locality description’ and Figure 1). Each triplicate consisted of
three subplots within a whole plot or site. The location of the whole plot was chosen at
random during each sampling campaign. A diversification of samples within each whole
plot was made by sampling riffles (shallow and with high water velocity), inflows into
pools (deep and with high water velocity) and the backs of pools (deep and with low
water velocity). Samples were processed using a round steel sieve (40 cm diameter, 500 μm
mesh) and preserved in 70% technical ethanol. Organisms were sorted in the laboratory
from the material taken from the stream bottom. Mayfly, stonefly, and caddisfly larvae
were determined to the deepest possible taxonomic level using a binocular microscope and
stereomicroscope (Olympus SZX16) and determination keys; their frequencies (abundances)
in the samples were recorded. The methodology used to analyse the water samples for
pesticides, PhACs and drugs, and the water and sediment samples for trace metals is
described in detail in the Supplementary Materials (Section Materials and Methods).

Environmental data were taken for both the whole and subplot levels. The envi-
ronmental variables (EVs) differing only at the whole-plot level (hereafter referred to as
‘whole-plot EVs’) consisted of (i) physicochemical parameters—conductivity, pH, oxygen
concentrations, and water temperature—measured using a HACH® multi-meter, (ii) pesti-
cide and PhAC concentrations in water (measured from samples taken on 11 August 2020),
(iii) cadmium, lead, and zinc concentrations measured in sediments and water (measured
from samples taken on 24 September 2020), and (iv) daily volumes of sewage (untreated
or ‘poorly treated’ municipal WWs) recorded up to 15 days prior to each sampling day
at the Příbram WWTP (data provided by 1. SčV JSC, Příbram, Czech Republic). De-
tailed monthly data of water and sediment analyses from Sites 1, 2, and 3 (2009–2020)
and data of actual water discharge from the same sites were provided by the Czech Hy-
drometeorological Institute (Prague, Czech Republic) and Povodí Vltavy, State Enterprise
(Prague, Czech Republic). In addition, the water temperature was continuously monitored
during the sampling campaign by four data loggers (TFA) placed approximately in the
middle of each site.

The EVs also differed at the subplot level (hereafter referred to as ‘subplot EVs’) in
terms of their (i) choriotopic compositions, which were empirically estimated for each
Surber sampling spot; (ii) current velocities [m·s–1] (minimum, maximum and average),
measured continuously for 0.5 min above the Surber sampling spot with a flowmeter
(MiniController MC20 with the Flowprobe for MiniWater20, Schiltknecht Messtechnik AG,
Gossau, Switzerland) placed close to the bottom, in the water column and close to the
water surface; (iii) widths and depths at each subplot; and (iv) classification as riffles, pools,
inflows into pools, or backs of pools.

2.3. Statistical Analyses

Data were analysed using Canoco 5 version 5.12 (written by Cajo J.F. ter Braak and
Petr Šmilauer; Wageningen, the Netherlands, and P. Šmilauer, Czech Republic) [35] and
R-studio version 4.1.1 (written by RStudio team; Boston, MA, United States) [36] software.
The analysis of shifts in feeding strategies was based on the preferences of individual
species according to Graf et al. [37], Buffagni et al. [38], and Graf et al. [39]. The analyses
with species community composition as response variables were conducted using uni-
modal Canonical correspondence analysis (CCA), while analyses with feeding strategies
as response variables were performed using linear Redundancy analysis (RDA). Species
abundances were log + 1 transformed before the CCA. Detrending was not used because
no dependency between positions of samples on the first or second ordination axes was
observed. Feeding strategies were averaged by species composition-weighted standardisa-
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tion (hereafter referred to as ‘averaged feeding strategies’). Only centring by species was
applied using RDA.

The significances of axes constrained by (i) site identity, (ii) the identity of sampling
times, (iii) whole-plot EVs, and (iv) subplot EVs (see part 2.2. ‘Sampling and sample
analysis’) were tested using Monte-Carlo permutation tests (999 permutations used). Per-
mutations were carried out according to the experiment’s hierarchical design: (i) when the
whole-plot EVs or the identity of sites were used as explanatory variables, both whole-plots
and subplots in the four blocks defined by the four sampling times used as covariates were
permuted using cyclic shifts; (ii) when the subplot EVs were used as explanatory variables,
only the subplots in the four blocks defined by sampling times were permuted using cyclic
shifts; and (iii) when the identity of sampling times was used as an explanatory variable,
both whole plots and subplots in the four blocks defined by the four sites were permuted
using cyclic shifts. A false discovery rate was used for adjusting p values. Forward se-
lection (FS) was used for selecting significant whole- and subplot EVs. ‘Hybrid analysis’
was chosen when tests on visualised constrained axes were not significant (p > 0.05). The
significance of differences in choriotopic compositions between sites was tested in a similar
way; individual values were transformed by the angular (inverse sine) function and the
transformed values were used as response variables. This transformation was also applied
when the choriotopic compositions were used as explanatory variables.

Generalised linear models (GLMs) were employed to model trends in shifts of multiple
averaged feeding strategies along environmental gradients or along the resulting ordination
axes. The significance of differences between sites and sampling times in EPT abundances
and richness was tested using GLMs with negative binomial and Poisson distributions,
respectively (the quasi-likelihood estimation method was applied in the case of the Poisson
distributions). The significance of improvements using Generalised linear mixed-effects
models (GLMMs) rather than GLMs was tested by likelihood ratio tests. A post hoc test
with Tukey’s method for p value adjustment was applied.

3. Results

3.1. Environmental Conditions

The differences between sites are summarised in Table 1. Several environmental
gradients, including increasing temperature, pH, and conductivity and decreasing oxygen
concentrations, changed along with the longitudinal downstream profile (from Site 1 to
Site 4). For more information about the basic physicochemical parameters at other sites
in the longitudinal profile, see Supplementary Materials (Section Materials and Methods;
Table S1). The greatest total concentration of cadmium, zinc, and lead in the waters was
detected at Site 3, followed by Site 4, while the highest loads of pesticides and PhACs
were found at Site 4 below the discharge of effluent from the WWTP (Table 1). Treated
WWs constituted 1/13–1/3 of all discharges at Site 4 (Table S2). The periodical releasing
of untreated or ‘poorly treated’ WWs containing organic material and coarse communal
waste (mainly hygienic products) also occurred. The monthly released volumes of this
sewage ranged from 299 to 130,016 m3 in 2020 (Table 2); however, considerable volumes
also leaked from sewers upstream from the WWTP but were not included in the analyses.
For more information about contamination at other sites along the longitudinal profile, see
Supplementary Materials (Section Materials and Methods; Tables S3–S6).

The average current velocities at individual sites were as follows: Site 4 >Site 3 >
Site 1 > Site 2 (in descending order from the fastest to the slowest; Table 3). Differences
in the choriotopic compositions at sites tested using a RDA were marginal (test on first
axis: pseudo-F = 1.2, p = 0.085; test on all axes: pseudo-F = 2.8, p = 0.003; Figure S4); only
Site 4 and Site 2 were significantly different from the others when tested with the RDA
(explained variation = 7.5%, pseudo-F = 3.8, p (adj.) = 0.025 and explained variation = 6.0%,
pseudo-F = 2.9, p (adj.) = 0.049, respectively). Samples from Site 1 compared with those
from Site 2 had a much greater proportion of smaller mineral particles (size < 6.3 cm—
‘microlithal’, ‘akal’, and ‘psammal’) and ‘mosses’ (Marchantiophyta only at the Site 1),
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and a lower proportion of light deposits (‘coarse particulate organic matter’—CPOM and
‘fine particulate organic matter’—FPOM), debris, and xylal (Table 4). Samples from Site
3 resembled most those from Site 1, with similar proportions of smaller mineral particles,
deposits, debris, and xylal (Table 4). Finally, Site 4 differed most from the others because of
the highest proportions of deposits and debris and the occurrence of filamentous algae and
anthropogenic trash (especially wet wipes; Table 4).

Table 1. Resulted mean physicochemical parameters measured at the given sites and concentrations
of metals, pesticides, and active pharmaceutical compounds (PhACs) in water samples taken at
these sites.

Site 1 Site 2 Site 3 Site 4

n = 4
Mean ± SEM

n = 4
Mean ± SEM

n = 4
Mean ± SEM

n = 4
Mean ± SEM

Temperature (◦C) 12.05 ± 0.34 13.33 ± 0.61 17.05 ± 1.11 16.80 ± 0.68
pH 7.09 ± 0.24 7.35 ± 0.17 7.45 ± 0.17 7.45 ± 0.09

Oxygen concentration (mg·L–1) 9.90 ± 0.10 9.02 ± 0.18 8.91 ± 0.16 7.61 ± 0.27
Conductivity (μS·cm–1) 71.40 ± 5.80 84.35 ± 5.98 390.60 ± 39.18 571.00 ± 56.74

Concentrations in Water Samples

Cadmium (μg·L–1) 0.26 0.23 7.90 3.80
Lead (μg·L–1) 5.80 9.80 64.00 53.00
Zinc (μg·L–1) 15.00 13.00 1200.00 530.00

Sum pesticides (ng·L–1) 132.00 70.32 462.90 877.87 ± 125.71 (n = 3)
Sum PhACs (ng·L–1) 15.17 13.40 874.58 4636.73 ± 254.79 (n = 3)

Table 2. Monthly volumes of untreated or ‘poorly treated’ wastewater released from the wastewater
treatment plant into Site 4 in 2019 and 2020.

Volume [m3]

2019 2020

January 164,799 1522
February 80,750 55,224

March 58,862 35,861
April 183 3239
May 26,930 24,749
June 34,483 130,016
July 13,340 11,305

August 26,333 22,382
September 817 12,064

October 4967 67,559
November 3270 5941
December 71 299

Total 414,805 370,161

Table 3. Resulted mean current velocities measured for the macrozoobenthic samples from each site.

Site 1 Site 2 Site 3 Site 4

Velocity
(m·s–1)

n = 12
Mean ± SEM

n = 12
Mean ± SEM

n = 12
Mean ± SEM

n = 9
Mean ± SEM

Average 0.19 ± 0.04 0.14 ± 0.03 0.27 ± 0.04 0.29 ± 0.05
Maximum 0.44 ± 0.09 0.32 ± 0.06 0.70 ± 0.14 0.62 ± 0.10
Minimum 0.04 ± 0.04 0.02 ± 0.03 0.04 ± 0.04 0.06 ± 0.05
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Table 4. Resulted mean choriotopic percentual compositions empirically estimated for each macro-
zoobenthic sample at all given sites.

Site 1 Site 2 Site 3 Site 4

Choriotopic Parameter
n = 12

Mean ± SEM (%)
n = 12

Mean ± SEM (%)
n = 12

Mean ± SEM (%)
n = 12

Mean ± SEM (%)

Megalithal
Large cobbles, boulders and blocks,

bedrock; >40 cm
5.75 ± 2.63 18.29 ± 7.87 6.08 ± 2.16 18.50 ± 7.30

Macrolithal
Coarse blocks, cobbles, gravel and sand;

20–40 cm
29.92 ± 6.88 17.38 ± 5.28 19.10 ± 4.62 12.60 ± 2.95

Mesolithal
Fist to hand-sized cobbles; 6.3–20.0 cm 16.58 ± 3.75 22.29 ± 3.37 28.50 ± 2.41 19.70 ± 3.48

Microlithal
Coarse gravel; 2.0–6.3 cm 11.08 ± 1.89 8.67 ± 2.23 18.30 ± 3.29 11.20 ± 0.99

Akal
Fine to medium-sized gravel; 0.2–2.0 cm 15.50 ± 3.32 5.21 ± 0.93 11.60 ± 1.97 11.90 ± 2.06

Psammal
Sand; <0.2 cm 3.88 ± 1.12 1.21 ± 0.58 3.00 ± 1.04 4.50 ± 2.00

Xylal
Deadwood, cones 4.79 ± 1.33 10.38 ± 2.71 2.04 ± 0.82 1.63 ± 0.80

Coarse particulate organic matter
CPOM; coarse deposits, e.g., leaves 1.83 ± 0.82 2.04 ± 0.81 0.88 ± 0.26 3.42 ± 1.38

Fine particulate organic matter
FPOM; fine deposits 0.75 ± 0.41 3.96 ± 1.54 1.25 ± 0.62 4.25 ± 1.53

Debris
Hard and coarse matter—organic

or inorganic
2.67 ± 0.77 6.63 ± 2.04 3.13 ± 0.57 4.63 ± 1.10

Mosses
Fontinalis antipyretica and

Marchantiophyta at the Site 1
6.25 ± 3.27 2.71 ± 1.34 1.58 ± 1.21 2.13 ± 0.83

Filamentous algae 0 0 0 2.33 ± 1.37

Roots of riparian trees
Alnus sp., Salix sp. or conifers 0.58 ± 0.42 1.25 ± 0.86 3.33 ± 1.70 0

Submerged riparian vegetation 0.42 ± 0.40 0 1.25 ± 0.63 0.83 ± 0.54

‘Wet wipes’
Anthropogenic trash 0 0 0 1.38 ± 0.61

‘Metal sheets’
Anthropogenic trash 0 0 0 1.17 ± 1.12

3.2. EPT Abundance and Richness

In total, 87 EPT taxa were detected in the samples: 11 mayflies, 29 stoneflies, and
47 caddisflies (Table S7). EPT abundances were not substantially different between sites
(Figure 2A; Table 5) or sampling times (Table 5). Nevertheless, total EPT richness estimated
for individual sites did show a gradual decreasing and significant trend from Site 1 to Site 4
(Figure 2B; Table 5). Sampling time had a nonsignificant effect on EPT richness (Table 5).

The greatest differences between sites in terms of abundance or richness were ob-
served in stoneflies followed by mayflies (Table 5), both of which were impaired at dis-
turbed Sites 3 and 4 (Figure 2C–E). Conversely, caddisflies were more abundant at dis-
turbed Sites 3 and 4 (Figure 2C), although caddisfly richness and family richness did not
significantly differ between sites (Figure 2D,E; Table 5). Significant differences between the
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four sampling times in abundance or richness were detected in mayflies and stoneflies but
not in caddisflies (Table 5). The abundance of mayfly nymphs was lowest in August and
highest in May, whilst the opposite was found in stoneflies: the highest stonefly abundance
was detected in August and the lowest in May.

Figure 2. Bar graphs visualising (A,C) ‘abundance’ (number of individuals), (B,D) ‘richness’ (number
of taxa), (E) ‘family richness’ (number of families), and (F–H) abundances and richness of individual
detected families of Ephemeroptera, Plecoptera, and Trichoptera, respectively, summarised for each
‘site’ from the samples taken at all sampling times. Values in the bar graphs (F–H) are transformed
by a natural logarithm, and the ‘richness’ is displayed above each column. E—Ephemeroptera,
P—Plecoptera, T—Trichoptera.

The stonefly and caddisfly orders significantly differed in abundance between sites
(Table 5). Stonefly abundances rapidly declined at disturbed Sites 3 and 4 compared with
Sites 1 and 2, whilst caddisfly abundances were lower at Sites 1 and 2 (Figure 2C). Mayfly
abundance did not significantly differ between sites (Figure 2C, Table 5) but marginally
differed between sampling times (Table 5). No significant interaction was detected between
the four-level factor site and sampling time.
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Table 5. Results of testing the significance of differences within factors site and sampling time
(both four-level factors) in given response variables using Generalised linear models (GLMs) or
Generalised linear mixed-effects models (GLMMs). Significant (p < 0.05) results are in bold text. No
significant interaction between site and sampling time was detected for any response variable (p >
0.05). E—Ephemeroptera, P—Plecoptera, and T—Trichoptera.

Factors

Response Variable Site Sampling Time

EPT abundance χ2
3 = 1.19, p = 0.76 χ2

3 = 3.96, p = 0.27
EPT richness F3,44 = 2.82, p = 0.049 F3,41 = 1.14, p = 0.34
E abundance χ2

3 = 1.22, p = 0.75 χ2
3 = 7.56, p = 0.055

E richness F3,44 = 0.14, p = 0.93 F3,44 = 3.19, p = 0.03
P abundance χ2

3 = 56.33, p < 0.001 χ2
3 = 9.70, p = 0.02

P richness χ2
3 = 124.03, p < 0.001 χ2

3 = 8.14, p = 0.04

T abundance χ2
3 = 12.59, p = 0.006 χ2

3 = 6.11, p = 0.11
T richness F3,44 = 1.03, p = 0.39 F3,44 = 0.43, p = 0.73

E family richness F3,41 = 6.83, p < 0.001 F3,41 = 2.48, p = 0.074
P family richness F3,44 = 23.70, p < 0.001 F3,41 = 1.02, p = 0.39
T family richness F3,44 = 0.47, p = 0.70 F3,44 = 0.23, p = 0.88

The total abundances and species richness shown in Figure 2F,G indicate that practi-
cally only members of the Baetidae family (namely Baetis fuscatus, B. rhodani, B. aff. scambus,
and B. vernus) and the Leuctridae family (stoneflies) were detected at disturbed Sites 3 and 4.
At these sites, Habrophlebia lauta (Leptophlebidae) and Seratella ignita (Ephemerellidae) all
but completely disappeared, while Paraleptophlebia submarginata (Leptophlebiidae), Ecdy-
onurus torrentis, and members of the genus Rhithrogena (both Heptageniidae) were totally
absent, although these latter taxa were detected upstream at the interconnected Sites 1 and 3
(Figure 2F, Table S7). Of the stoneflies, only Leuctra albida, L. fusca, and L. geniculata were de-
tected at Site 3 (L. geniculata was only detected at this site, Table S7) and only L. fusca in low
abundances and body sizes was detected at Site 4 (Figure 2G, Table S7). Siphonoperla torren-
tium (Chloroperlidae), several species belonging to the genera Protonemura, Amphinemura,
and Nemoura (Nemouridae), all very abundant at Sites 1 and 2, along with Diura bicaudata
and Perlodes aff. microcephalus (Perlodidae) were completely absent in the samples taken
from disturbed Sites 3 and 4 (Figure 2G, Table S7). Nevertheless, compared with Site 1, the
richness of Leuctridae decreased also at Site 2 below the water reservoir (Figure 2G), and,
for instance, Leuctra nigra, frequent in samples from Site 1, was missing from samples from
Site 2 (Table S7).

Of the caddisflies, Site 1 had a greater richness of trichopterans than Site 2; the abun-
dant family Philopotamidae, for example, was no more detected at Sites 2, 3, and 4; finally,
members of the Goeridae were detected only sporadically at particular sites (Figure 2H).
On the other hand, the richness of Hydropsychidae was lowest at Site 1. Odontocerum
albicorne (Odontoceridae) and Sericostoma flavicorne/personatum (Sericostomatidae), very
abundant at both Sites 1 and 2, were completely missing from the samples from Sites 3 and 4
(Figure 2H, Table S7). One of the dominant families at Site 3 was Limnephilidae, represented
above all by species from the genera Potamophylax, Halesus, and Chaetopteryx (in descending
order of total abundance; Figure 2H, Table S7). One of the dominant families at Site 4 below
the WWTP was Hydropsychidae, represented by Hydropsyche siltalai, H. angustipennis, and
H. incognita/pellucidula (in descending order of total abundance; Figure 2H, Table S7); the
population of limnephilids at Site 4 was substantially lower (Figure 2H). At both disturbed
Sites 3 and 4, the family Polycentropodidae was much more abundant than at Sites 1 and 2
(Figure 2H). A substantially greater proportion in the total abundances of Cyrnus trimacu-
latus than Polycentropus flavomaculatus was observed at Site 4 than at Site 3 (2.54 and 0.03,
respectively; Table S7). The Leptoceridae represented by Athripsodes bilineatus was most
abundant at Site 3, while the Psychomyiidae, represented only by Psychomyia pusilla, were
detected only at Site 4 (Figure 2H; Table S7). The total abundances of the family Rhyacophil-
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idae were almost identical at all sites (Figure 2H). Even though the clear morphological
determination of larvae from the group Rhyacophila sensu stricto is not always possible [40],
Rhyacophila cf. aurata was dominant in samples from Sites 3 and 4 (especially Site 3), whilst
Rhyacophila nubila gr. was commonest in samples from Sites 1 and 2.

3.3. Shift in EPT Community Composition along Environmental Gradients

The differences in species compositions between sites were significant (test on first
axis: pseudo-F = 1.9, p = 0.001; test on all axes: pseudo-F = 4.0, p = 0.001; Figure S5),
as were the differences in composition of species between sampling times (but only the
composition of specimens > 0.5 mm in size; test on first axis: pseudo-F = 0.7, p = 0.024; test
on all axes: pseudo-F = 1.8, p = 0.001; Figure S6). The whole- and subplot EVs significantly
correlated with the shift in species composition (p < 0.05); those selected by FS are shown
in Figures 3 and 4, respectively.

Figure 3. Species + whole-plot environmental variables (EVs) biplots: the first 33 best fitting species
are labelled (Ephemeroptera, Plecoptera, and Trichoptera labelled in red, green, and blue, respec-
tively). A partial canonical correspondence analysis (CCA) was used: (A) first and second ordination
axes; (B) second and third ordination axes. Ordination axes were constrained by the EVs selected by
forward selection, which accounted for 30.48% of the explained variation. Test on first axis: pseudo-
F = 0.5, p = 0.001; test on all axes: pseudo-F = 2.3, p = 0.001. Conditional effects (from the greatest to
the lowest explained variation): ‘Log-transformed sum of cadmium, lead and zinc (Met)’: explained
variation = 11.7%, pseudo-F = 5.7, p (adj.) = 0.003; ‘Conductivity (Cond)’: explained variation = 6.1%,
pseudo-F = 3.1, p (adj.) = 0.020; ‘Oxygen concentration (Oxy)’: explained variation = 4.0%, pseudo-
F = 2.1, p (adj.) = 0.012; ‘Log-transformed sum pesticides (Pest)’: explained variation = 3.0%, pseudo-
F = 1.6, p (adj.) = 0.045; ‘pH’ explained variation = 2.9%, pseudo-F = 1.6, p (adj.) = 0.047; ‘Total volume
of released sewage for three days prior to sampling time (Sew)’: explained variation = 2.9%, pseudo-
F = 1.6, p (adj.) = 0.036. Abbreviations: AmpBor—Amphinemura borealis, AmpSul—A. sulcicollis, Ath-
Bil—Athripsodes bilineatus, BaeAffSc—Baetis aff. scambus, BaeFus—B. fuscatus, ChaeCfVi—Chaetopteryx
cf. villosa, CyrTri—Cyrnus trimaculatus, DruAnn—Drusus annulatus, HabLau—Habrophlebia lauta,
HaleCfTe—Halesus cf. tesselatus, HydInf —Hydatophylax infumatus, HydAng—Hydropsyche angustipen-
nis, HydInc—H. incognita, HydInc/Pel—H. incognita/pellucidula, HydPel—H. pellucidula, HydSax—
H. saxonica, HydSil—H. siltalai, LeuAlb—Leuctra albida, LeucCfAr—L. cf. armata, LeuBra—L. braueri,
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LeucCfPs—L. cf. pseudocingulata, LeucSp—Leuctra sp., LeuFus—L. fusca, LeuGen—L. geniculata, LeuIne—
L. inermis, LeuNig—L. nigra, NemoCfUn—Nemoura cf. uncinata, NemoSp—Nemoura sp., NeuBim—
Neureclipsis bimaculata, OdoAlb—Odontocerum albicorne, PhiLud—Philopotamus ludificatus, PolFla—
Polycentropus flavomaculatus, PotaCfCi—Potamophylax cf. cingulatus, PotAffRot—P. aff. rotundipennis,
PotRot—P. rotundipennis, ProHra—Protonemura hrabei, ProMey—P. meyeri/nitida, ProNit—P. nitida,
ProtCfLa—P. cf. lateralis, PsyPus—Psychomyia pusilla, RhiSem—Rhithrogena semicolorata, RhitCfPu—R.
cf. puytoraci, RhyaCfAu—Rhyacophila cf. aurata, RhyAffDo—R. aff. dorsalis, RhyAffNu—R. aff. nubila,
SerFla/Per—Sericostoma flavicorne/personatum, SerIgn—Serratella ignita.

Figure 4. Species + subplot environmental variables (EVs) biplot: the first 24 best-fitting species are
shown (Ephemeroptera, Plecoptera, and Trichoptera labelled in red, green, and blue, respectively).
A partial Canonical correspondence analysis (CCA) was used. Ordination axes were constrained
by the EVs selected by forward selection, which accounted for 10.54% of the explained variation.
Test on first axis: pseudo-F = 0.1, p = 0.024; test on all axes: pseudo-F = 1.4, p = 0.001. Condi-
tional effects (from the greatest to the lowest explained variation): ‘Arcsine-transformed proportion
of mosses in choriotope (Mosses)’: explained variation = 5.3%, pseudo-F = 2.4, p (adj.) = 0.015
and ‘Mean current velocity (Velo)’: explained variation = 5.2%, pseudo-F = 2.5, p (adj.) = 0.023.
Abbreviations: AmpSul—Amphinemura sulcicollis, BaeFus—B. fuscatus, HabLau—Habrophlebia lauta,
HaleCfTe—Halesus cf. tesselatus, HydInc/Pel—Hydropsyche incognita/pellucidula, HydSax—H. saxonica,
HydSil—H. siltalai, LeuBra—L. braueri, LeucCfAr—L. cf. armata, LeuNig—L. nigra, LitNig—Lithax niger,
NeuBim—Neureclipsis bimaculata, OdoAlb—Odontocerum albicorne, PhiLud—Philopotamus ludificatus,
PleCon—Plectrocnemia conspersa, PolFla—Polycentropus flavomaculatus, ProHra—Protonemura hrabei,
RhitCfPu—Rhithrogena cf. puytoraci, RhyaCfAu—Rhyacophila cf. aurata, RhyAffNu—R. aff. nubila,
RhyaSp—Rhyacophila sp. (early instar larvae), RhyNubGr—R. nubila gr., SerFla/Per—Sericostoma flavi-
corne/personatum.
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3.4. Shift in Averaged Feeding Strategies along Environmental Gradients

The differences in compositions of the averaged feeding strategies between sites were
significant in general; however, only the composition at Site 4 was significantly different
from all other sites (p < 0.05; Figure 5A). There was also a significant shift in the whole-plot
EVs (p < 0.05). Significant relationships with ‘conductivity’ (32.5% of explained variability),
‘total volume of released sewage for three days prior to sampling time’ (5.9% of explained
variability), ‘oxygen concentration’ (2.8% of explained variability), and ‘total concentration
of PhACs’ (2.3% of explained variability) were detected (p < 0.05). ‘Passive filter feeder’
and ‘predator’ feeding strategies were dominant in the WW-polluted environment; the
‘grazer and scraper’ feeding strategy seemed to be limited by the most polluted WW; and
the ‘gatherer/collector’ and ‘shredders’ feeding strategies were generally suppressed in
the most polluted environment (Figures 5B and S7B,C). The shift in the subplot EVs was
not significant (test on first axis: pseudo-F = 0.6, p = 0.379; test on all axes: pseudo-F = 1.9,
p = 0.168).

Figure 5. (A) Averaged feeding strategies pie chart and (B) Averaged feeding strategies + whole-plot
environmental variables (EVs) biplot. Partial Redundancy analyses (RDA) were used. First ordination
axes were constrained: (A) by the factor ‘Site’ that accounted for 30.98% of the explained variation and
(B) by the EVs selected by forward selection, which accounted for 38.91% of the explained variation.
(A) Test on first axis: pseudo-F = 5.4, p = 0.003; test on all axes: pseudo-F = 6.1, p = 0.026; (B) test on
first axis: pseudo-F = 2.5, p = 0.006; test on all axes: pseudo-F = 5.7, p = 0.009. Conditional effects
(from the greatest to the lowest explained variation): (A) ‘Site 4 (S4)’ explained variation = 22.0%,
pseudo-F = 12.1, p (adj.) = 0.027; ‘Site 3 (S3)’ explained variation = 8.6%, pseudo-F = 5.2, p (adj.) = 0.090;
and ‘Site 2 (S2)’ explained variation = 0.3%, pseudo-F = 0.2, p (adj.) = 0.943. (B) ‘Conductivity (Cond)’:
explained variation = 32.5%, pseudo-F = 20.7, p (adj.) = 0.005 and ‘Total volume of released sewage for
three days prior to sampling time (Sew)’: explained variation = 6.4%, pseudo-F = 4.4, p (adj.) = 0.045.

3.5. Malformations and Mortality of Caddisflies

A substantial proportion of final instar caddisfly larvae in Halesus cf. tesselatus, Potam-
pohylax aff. rotundipennis, and R. cf. aurata sampled at Site 3 had malformed limbs (11.8%,
7.0%, and 7.7%, respectively). Peculiarly fused terminal parts of walking legs (between
tibiae and tarsal claws) or overall shortened walking legs were observed in the two given
limnephilid taxa; deformed and shortened anal claws were observed in R. cf. aurata
(Figure 6). Malformed specimens of H. cf. tesselatus were also observed at Site 4 (28.6%),
although at the latter site, the total number of sampled specimens was substantially lower
than at Site 3 (7 vs. 76 specimens at Site 3). There were no malformed specimens in the
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abundant R. cf. aurata in Site 4; however, there was one malformed specimen out of a total
of 20 specimens of R. nubila gr. at Site 4.

 

Figure 6. Malformed limbs of Halesus cf. tesselatus (two pictures on the left) and Rhyacophila cf. aurata
(right side) sampled at Sites 3 and 4.

We also observed a drift of dead limnephilid pupae at Site 3 in September during
the macrozoobenthic sampling. We found dead and decaying larvae and pupae of Drusus
annulatus, H. cf. tesselatus, and Limnephilidae gen. sp. inc. in the given samples (14 dead
limnephilid specimens and 7 living limnephilid specimens in total). Several dead and
decaying pupae of Hydropsyche sp. were also found in the samples from Site 2 taken in June.

4. Discussion

4.1. Variability in the EPT Community along an Environmental Gradient

The EPT community can significantly reflect the quality of the environment (Figures 3–5).
Even though our study only consisted of a small-scale natural experiment (i.e., we only
sampled two mutually interlinked watercourses), the results match, in general, those of a
study of whole macroinvertebrate communities carried out in 23 Swiss streams [41]. As
in our work, in the Swiss study, about 30% of community variability was explained by
water quality; conductivity (which correlates to total dissolved solids) together with oxygen
concentrations explained 10.1% in our study, while concentrations of pesticides explained
3.0% of community variability in both studies (Figure 3).

The changes in EPT abundance and richness related to pollution by trace metals ob-
served in our study generally resemble reports from other sites, the greatest similarity being
in the susceptibility of mayflies—and especially heptageniids—to this type of pollution
(Figure 2). Sites 3 and 4 were both warmer—maximums up to 23 ◦C—than unpolluted
Sites 1 and 2 (Table 1; Figure S3), a relevant finding given that the temperature gradient,
which is often related to the toxicity of chemical compounds and the solubility of oxygen in
water, is considered a good predictor of change in the composition of EPT communities [42].
The increasing temperature gradient observed when moving downstream is undoubtedly
natural; however, the difference in the temperature regime between the contaminated and
uncontaminated sites is also likely to be the product of the canalisation, the removal of
the riparian vegetation, and the presence of shallow reservoirs upstream on the Litavka
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river (see part 2.1 ‘Locality description’ [43]). That many species of mayflies and stoneflies
would avoid high temperatures, mine effluent and certain trace metals was predicted
beforehand [17–19,44–46]. Our results show that baetids were the most resistant (or re-
silient) to the trace metal contamination, and within this group, the dominant taxa were
the Baetis fuscatus group (i.e., B. fuscatus and B. aff. scambus, whose separation was not
possible since the taxon identified and presented here as B. aff. scambus shared features
of both species). The total abundance of B. fuscatus gr. compensated for the decrease
in abundances of other mayfly taxa so that this small-sized baetid could act as a proxy
for other mayflies in human-disturbed sites. The other most commonly detected baetids,
B. rhodani and B. vernus, did not show any substantial changes in abundance between sites.
Nevertheless, trace metal pollution can have an effect later on in the life cycle of baetids
and other aquatic insects by rapidly causing increased mortality in emerging imagines (or
subimagines) [47,48].

Stoneflies are generally the aquatic insects most sensitive to conditions modified by
humans [49,50]. There was significantly decreased richness in stoneflies—even at Site 2
compared with Site 1—and their abundance only significantly fell at Sites 3 and 4 (Figure 2;
Table 5). We interpret their decrease in richness at Site 2, situated below the reservoir, as
the result of the discontinuity in the river network, i.e., a change in the deposition regime
(a lower proportion of smaller mineral particles and a greater proportion of light deposits;
Table 4), and the separation of Site 2 from the network of tributaries in the crenal zone
situated upstream from the reservoir (Figure 1). However, there are several indications that
stoneflies are less sensitive to metals than mayflies. Many stoneflies (as well as caddisflies)
are more tolerant to increased acidity than many mayflies [51]. Lower pH leads to natural
access to metals (e.g., aluminium) originally bound to substrates [52,53]. Observational
work studying the effects of contamination from mining has reported relatively high
resistance in some stoneflies, including Amphinemura sulcicollis, Leuctra fusca, and L. inermis,
taxa that are similar to those found in our study [16,19]. Little evidence exists regarding
the levels of trace metals concentrations that are lethal for stoneflies [54], although certain
North American stoneflies have been found to withstand (in significantly reduced numbers)
concentrations of 11, 120, and 1100 μg·L–1 of cadmium, copper, and zinc, respectively, for
10 days in microcosm conditions. By comparison, numbers of heptageniids and Baetis
tricaudatus fell significantly in only half of these concentrations [46].

Therefore, the significant reduction in stonefly abundance and richness at both con-
taminated sites cannot be conclusively attributed to pollution by trace metals. The absence
there of most of the stoneflies detected upstream could also be due to water warming
since most stoneflies prefer lower temperatures than those recorded at Sites 3 and 4 [39,42].
However, the interaction of multiple effects, including habitat degradation and several
types of pollution, are assumed to take place.

According to our data, the less sensitive stoneflies were able to withstand the heavy
industrial trace metal pollution but were then eliminated by the municipal WW, despite
the advanced technology used in the WW treatment [14]. A synergic effect of multiple
stressors is likely to occur. We can demonstrate that specimens of all sizes of Leuctra fusca gr.
(species identified as L. albida and L. fusca in this study [55]) and L. geniculata occurred
in the water contaminated by trace metals at Site 3 (Table S7) but not in the water con-
taminated by municipal WWs. Only L. fusca gr. (the only species identified as L. fusca)
of small sizes were detected at Site 4, contaminated by both trace metals and municipal
WWs. It is important to note that the organic pollution produced by the WWs sometimes
reaches high levels. According to unpublished data provided by the Czech Hydromete-
orological Institute and Povodí Vltavy, State Enterprise, the average estimated five-day
biochemical oxygen demand (BOD5) was equal to 2.39 mg·L–1 at Site 4; however, the
estimated maximum was 17.00 mg·L–1 just four months before the beginning of our sam-
pling campaign. In the Příbramský brook (Auxiliary Site 4 downstream from the effluent
from the WWTP, see Supplementary Materials), the estimated BOD5 at the same time was
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24.00 mg·L–1 (the average and maximum of the estimated BOD5 were 4.76 and 60.00 mg·L–1

in 2013–2020, respectively).
Caddisflies were the least harmed insects in the EPT community. Their richness was

not significantly different between sites, and their abundance was significantly higher at
Site 4 than at Sites 1 and 2 (Figure 2; Table 5). Many caddisflies are acid-tolerant or acid
environment specialists (e.g., Chaetopterygopsis maclachlani and Rhyacophila polonica detected
during our study [51,56]), and some are reported to be tolerant to trace metal pollution
(e.g., Hydropsyche sp., leptocerids, Rhyacophila sp. [17,18,46]). Ubiquitous caddisfly taxa
can occupy warmer sites polluted by organic materials with low oxygen concentrations
(e.g., potamal hydropsychids and Psychomyia pusilla [56,57]). Nevertheless, caddisflies are
generally very sensitive to pesticides and avoid sedimentation and droughts, as does the
EPT group in general [11,58,59].

The vast majority of EPT taxa situated on the right-hand side of the CCA biplot
(Figure 3A) were caddisflies. The relative abundances of these caddisflies were positively
correlated to the human-induced gradients. The caddisfly communities at Sites 1 and 2
were quite similar; however, net-spinning philopotamids were lacking from Site 2 and were
replaced by net-spinning hydropsychids and polycentropodids (Figure 2H). Changing
conditions along the longitudinal profile (e.g., food source and current velocity) probably
played an important role in shaping the net-spinning caddisfly community. Philopotamids
prefer diatoms and fine detritus and have been reported to be quite sensitive to organic
pollution [60,61]). According to our data, philopotamids were found at the subplots with
the greatest maximum water velocity (0.73–0.97 m·s–1). Slower water speeds caused by
water abstraction [60] combined with the natural longitudinal stream gradient [37,60]
favoured hydropsychids and polycentropodids. Unlike philopotamids, hydropsychids and
polycentropodids are either facultatively or obligatory carnivorous [37,62].

The altered conditions at Sites 3 and 4 probably prevent the occurrence of the eruciform
caddisflies O. albicorne and S. flavicorne/personatum, which were dominant in the samples
from Sites 1 and 2. The warmer temperatures (and poorer oxygen conditions) are expected
to have a negative effect. Haidekker and Hering [42] have reported that O. albicorne tolerates
well mean summer temperatures up to 16 ◦C. However, this figure was exceeded at Site 4
by 1.24 ◦C (Figure S2), and so, based on individual measurements (Table 1), we assume
that a similar temperature regime exists at Site 3. Furthermore, both these taxa are partially
endobenthic and are more exposed to the toxic compounds that accumulate in sedimented
particles [63]; the long larval development time in S. flavicorne/personatum [64] will also
prolong the exposure of its larvae to toxicants. On the other hand, high abundances of
large eruciform caddisflies—limnephilids of the genus Halesus and Potamophylax—were
found at Site 3. These taxa are probably tolerant to trace metal pollution. Nonetheless,
we found malformed walking legs in up to 11.8% of individuals that, in light of previous
studies, could be a sign of trace metal contamination [65] or other persistent and hazardous
compounds generated by the industrial complex upstream from Site 3 [66].

The lower abundances and richness of limnephilids observed at Site 4 downstream
from the WWTP effluent could be a consequence of the interaction between trace metals
and WW pollution (or the WW pollution alone). Hydropsychids, polycentropodids, rhya-
cophilids, and psychomyiids (P. pusilla) were most abundant downstream from the WW
effluent. The taxa are shown in the upper right-hand corner of Figure 3A were positively
related to the ‘total volume of released sewage three days prior to the sampling’ (hereafter
referred to as ‘3-day sewage volumes’), which probably contained a high proportion of
SDPOM—a mixture of organic detritus and microorganisms such as bacteria and algae
that is a high-quality food resource downstream from WW effluents [23]. On the other
hand, the released sewage could trigger a drift of benthic prey organisms with greater
oxygen demands (e.g., mayfly nymphs), and SDPOM could be used by periphyton and
macrophytes (aquatic and riparian), which can serve as microhabitats or food. For exam-
ple, the carnivorous C. trimaculatus with a more pronounced microhabitat preference for
macrophytes [37] was more common than P. flavomaculatus at Site 4 than Site 3. The most

77



Biology 2022, 11, 648

abundant hydropsychids can use multiple food resources and, aside from predating on
small benthic organisms and consuming detritus, they also graze on algae [37,67]. Besides
crustaceans, insects (including EPT), and terrestrial prey, detritus also constitute a substan-
tial portion of gut content in polycentropodids [68]. It cannot be rejected that hydropsychids
and polycentropodids could have a detrimental impact on the populations of other EPT
taxa. Nevertheless, their net spinning increases heterogeneity of current velocities and nets
represent valuable microhabitats, e.g., positive relationships to ephemerellid mayfly and
chironomids were reported [69,70]. We associate the high abundance of early instars of
H. siltalai in September at Sites 3 and 4 with the presence of aquatic mosses (Figure 4).

The proportion of mosses in the choriotope (explained community variation = 5.3%)
and mean current velocity (explained variation community variation = 5.2%) had the
highest parsimonious and significant power to explain EPT community composition at the
subplot level (Figure 4). These two variables were positively correlated because mosses
were detected mainly in shallow, fast-flowing habitats. Mosses (as well as roots) provide
better vertical zonation possibilities for aquatic organisms, as well as food and shelter [71].
The information provided by Buffagni et al. [38], Graf et al. [37], and Graf et al. [39]
does not correspond particularly well to our results: of the species best corresponding
to the presence of aquatic mosses only Hydropsyche saxonica, Plectrocnemia conspersa, and
Protonemura hrabei were reported to have a certain preference for macrophytes (mosses
included). Nevertheless, Krno [72] suggests that the goerid Lithax niger is a bryophyte
dweller and reports that Rhyacophila obliterata can only live on emergent mosses, whilst R.
nubila, R. polonica can also live on submerged mosses. Similar findings have been reported
by Glime [71]. Conversely, Graf et al. [37] consider all goerids and rhyacophilids to inhabit
micro-/mesolithal and macro-/megalithal and suggest that they are ‘specialised for lithal’.

A high mean velocity best corresponded to the highest relative abundance of
H. pellucidula/incognita (the larvae of these two species are often not separable [40]): fitted
optimum over 0.60 m·s–1; R. cf. aurata and R. nubila gr.: fitted optimum around 0.50 m·s–1;
and H. siltalai: fitted optimum 0.47 m·s–1 (Figure 4). The mayfly B. fuscatus had a fitted
optimum around 0.35 m·s–1 (Figure 4). By contrast, according to our data, O. albicorne had a
fitted optimal mean current velocity around 0.14 m·s–1, S. flavicorne/personatum 0.10 m·s–1,
and the mayfly H. lauta less than 0.10 m·s–1.

4.2. Shift in Averaged Feeding Strategies in the EPT Community along Environmental Gradients

The analysis of shifts in ecological traits and, above all, their relationship to envi-
ronmental characteristics has recently become a key topic in community ecology [73].
Substantial changes in the composition of feeding strategies (functional feeding groups)
due to disturbances are assumed to occur in the macrozoobenthos [74,75]. Significant
differences in the composition of average EPT feeding strategies were detected between
localities (Figure 5A). Conductivity and 3-day sewage volumes were found to be the most
parsimonious significant predictors in our dataset (Figure 5B). Both these EVs were posi-
tively related to the input of various materials and were positively related to both passive
filter feeder and predator feeding strategies (represented almost only by caddisflies; Figure
S7B). It suggests in higher susceptibility of EPT shredders to the pollution or unavailabil-
ity of the CPOM (main food resource utilised by shredders) edible for these organisms
(e.g., crystalline deposits containing trace metals can precipitate on the external surface
of alder leaves because of fungal grown [21]). Even though shredder abundance will be
compensated by numerous Asellus aquaticus and gatherers/collectors by chironomids and
oligochaetes (see part 2.1. ‘Locality description’), the abundance of winged adults of the
aquatic insect directly utilising CPOM may be substantially lowered and could cause an
alteration in nutrient and energy flows through the environment.

Despite that, 3-day sewage volumes positively correlated to the responses of passive fil-
ter feeders, predators, and shredders and negatively to the responses of gatherers/collectors
(Figure S8A), the greatest 15-day sewage volumes (Figure S8B) positively correlated to
the responses of gatherers/collectors and grazers and scrapers. Nevertheless, this trend
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was not strongly associated with the ‘15-day sewage volumes’ because the dominance of
gatherers/collectors and grazers and scrapers was caused by a high abundance of nymphs
of the mayfly B. fuscatus gr., which probably colonised this site after drifting from an up-
stream stretch after a high discharge event (up to 8.5 times the average discharge). This
hydrological situation occurred at the same time as the release of a high volume of sewage.
The sewage release ended four days before the sampling time. The greatest similarity in
the overall EPT community of samples to the samples from Site 3 is shown in the overlap
of the ellipses in Figure S4. This similarity was subsequentially lost when the heavy rains
stopped: the greatest dissimilarity between samples from individual sites was observed
in August, followed by September. Nonzero values of high 3-day sewage volumes were
linked to EPT compositions sampled in both these months, as well as in May. The signif-
icant linkage between 3-day sewage volumes and the composition of feeding strategies,
as a result of FS in RDA (Figure 5B), supports the presumption that the population of
campodeiform net-spinning caddisflies is directly or indirectly dependent on the supply of
‘poorly treated’ WWs.

5. Conclusions

This study highlights the impacts on the EPT community of trace metal pollution
originating from mining and smelting and effluent from a municipal WWTP, which releases
continuously treated WW and, periodical, ‘poorly’ treated WW. According to our data and
previously published studies, trace metal pollution can have quite different consequences
for the EPT community than, for example, pesticides and several caddisflies, especially
limnephilids, were found to be very abundant at the affected site. Additionally, malforma-
tions in caddisfly larvae and mortality of caddisfly pupae were observed. Even though the
affected sites were warmer, the absence of ephemerellid, heptageniid, and leptophlebiid
mayflies is attributable to trace metal pollution, given the results from previous studies.
The factors responsible for the decline in the stonefly community are less clear, and, except
for higher water temperature, other kinds of pollutants and habitat degradation can be
assumed to have a negative impact. Nevertheless, L. fusca gr. and L. geniculata can be
considered tolerant to trace metal pollution but sensitive to WW pollution or its combina-
tion with trace metals. The municipal WW combined with trace metal contamination led
to the greatest changes in the EPT community, including changes in the composition of
feeding strategies. Caddisfly passive filter feeders and predators—mainly hydropsychids,
polycentropodids, and rhyacophilids—dominated the most polluted environment. EPT
shredders and collectors/gatherers dominated in unaffected sites. Our results demonstrate
how the EPT community reacts to human-induced gradients in natural environments,
which is important knowledge for assessing the implication of planned or current human
disturbances in natural or cultural landscapes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biology11050648/s1, Materials and Methods; Results, Figure S1:
photographic documentation of Site 1 and Site 2, Figure S2: photographic documentation of Site 3,
Site 4 and Auxiliary Site 4, Figure S3: summer temperature regime monitored by data loggers (TFA),
Table S1: physicochemical parameters of water at longitudinal profile, Table S2: parameters of
discharge at monitored sites, Table S3: contamination of water and sediments by trace metals at
longitudinal profile, Table S4: contamination of water by trace metals at Auxiliary Site 3 and Site 4
during 2018–2020, Table S5: pesticides and pharmaceutical active compounds in water samples taken
at the longitudinal profile, Table S6: list of pesticide and pharmaceutical active compounds analysed
in water samples with particular limits of quantification (LOQs), Figure S4: classified sample diagram
resulted from choriotopic compositions using the RDA (sampling sites), Table S7: list of EPT taxa
detected at given sites and times, Figure S5: classified CCA sample diagram resulted from species
compositions and CCA species pie chart (sampling sites), Figure S6: CCA Species pie chart (sampling
times), Figure S7: plotted significant averaged feeding strategies response curves, Figure S8: plotted
significant averaged feeding strategies response curves against ‘3-d Sew’ and ‘15-d Sew’, Table S8:
the statistics of relationship strengths for plots in Figures S7 and S8, Table S9: abundance and biomass
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of fishes detected at the particulate sites during 20 May and 8 October in 2020, Figure S9: plotted
significant relationship between EPT family richness and Metal index. References [14,76–78] are cited
in the supplementary materials.
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Simple Summary: Understanding relationships between biodiversity and ecosystem functions is
important in the context of global plant diversity loss. We evaluated the relationships between soil
bacterial and fungal diversity, rare microbial taxa, and soil multifunctionality in a semi-arid grassland
with varied plant diversity levels. The fungal richness rather than bacterial richness was positively
related to soil multifunctionality. The relative abundance of saprotrophs was positively correlated
with soil multifunctionality, and the relative abundance of pathogens was negatively correlated with
soil multifunctionality. Furthermore, the rare fungal taxa played a disproportionate role in regulating
soil multifunctionality. The shift of plant biomass allocation patterns increased plant below-ground
biomass in the high diversity plant assemblages, which can alleviate soil microbial carbon limitations
and enhance the fungal richness, thus promoting soil multifunctionality. This study provides a new
perspective for evaluating the relative roles of fungal and bacterial diversity in maintaining multiple
soil functions under global plant diversity loss scenarios.

Abstract: Loss in plant diversity is expected to impact biodiversity and ecosystem functioning
(BEF) in terrestrial ecosystems. Soil microbes play essential roles in regulating ecosystem functions.
However, the important roles and differences in bacterial and fungal diversity and rare microbial taxa
in driving soil multifunctionality based on plant diversity remain poorly understood in grassland
ecosystems. Here, we carried out an experiment in six study sites with varied plant diversity
levels to evaluate the relationships between soil bacterial and fungal diversity, rare taxa, and soil
multifunctionality in a semi-arid grassland. We used Illumina HiSeq sequencing to determine soil
bacterial and fungal diversity and evaluated soil functions associated with the nutrient cycle. We
found that high diversity plant assemblages had a higher ratio of below-ground biomass to above-
ground biomass, soil multifunctionality, and lower microbial carbon limitation than those with low
diversity. Moreover, the fungal richness was negatively and significantly associated with microbial
carbon limitations. The fungal richness was positively related to soil multifunctionality, but the
bacterial richness was not. We also found that the relative abundance of saprotrophs was positively
correlated with soil multifunctionality, and the relative abundance of pathogens was negatively
correlated with soil multifunctionality. In addition, the rare fungal taxa played a disproportionate
role in regulating soil multifunctionality. Structural equation modeling showed that the shift of plant
biomass allocation patterns increased plant below-ground biomass in the highly diverse plant plots,
which can alleviate soil microbial carbon limitations and enhance the fungal richness, thus promoting
soil multifunctionality. Overall, these findings expand our comprehensive understanding of the
critical role of soil fungal diversity and rare taxa in regulating soil multifunctionality under global
plant diversity loss scenarios.

Keywords: plant diversity loss; soil multifunctionality; fungal diversity; saprotrophic fungi; rare
microbial taxa
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1. Introduction

Soil supports a wide range of ecological functions and services that are important to
human welfare, and soil multifunctionality can be used as a comprehensive index to evalu-
ate soil quality [1–4]. Multifunctionality is an essential biological and management concept
that describes the ability of an ecosystem to maintain multiple ecological functions simulta-
neously [1,2,5]. As significant drivers of ecosystem functions, soil microbial communities
can be regulated by plant diversity via changing the nutrient availability and microenvi-
ronmental conditions [6–8]. However, global climate changes and intensive anthropogenic
activities have led to the loss of plant diversity in grassland ecosystems [2,9–11]. Therefore,
there remains an urgent need to understand the mechanisms by which soil microorganisms
drive soil multifunctionality in the context of global plant diversity loss.

Below-ground microbes comprise a large portion of global terrestrial ecosystem life’s
genetic diversity and support important ecosystem functions and services, such as biomass
production, nutrient cycling, and decomposition of organic matter [10,12,13]. Additionality,
soil microorganisms are an essential link between the above-ground and below-ground
components of terrestrial ecosystems [14–17]. Bacteria and fungi constitute vital parts of
the soil microbiome [18]. Nevertheless, bacteria and fungi play different roles in regulating
ecosystem processes [14]. In detail, bacteria are the essential drivers of soil N cycle processes,
such as N2 fixation, nitrification, and denitrification [19–21]. However, other studies have
suggested that soil fungal communities might dominate in driving soil functions [14]. Soil
fungi can decompose recalcitrant plant litter efficiently and form links with roots to capture
and transport subsurface carbon (C) [22]. For instance, saprophytic fungi are primary
mediators for the decomposition of plant litter, and their mycelium networks across the soil
litter interface and networks are a highly dynamic channel through which nutrients can be
easily distributed [23]. Despite the above studies, most research has concentrated on how
soil microbes affect individual or specific nutrient cycling functions. However, few studies
have evaluated the relative significance of bacterial and fungal diversity in regulating soil
multifunctionality in the context of plant diversity in a semi-arid grassland.

Furthermore, the effects of rare microbial taxa on soil functions have often been ignored
in most previous soil multiple functions studies because they have mainly concentrated on
predominant taxa; a majority of rare microbial taxa were frequently eliminated from original
datasets. However, rare microbial taxa have important ecological roles because these may
be activated to perform critical functions under environmental changes [24,25]. For instance,
rare taxa were found to play essential roles in nutrient cycling after disturbances in aquatic
ecosystems [26]. Rare microbial taxa have also been used as indicators of changes in
ecosystem functions under long-term greenhouse cultivation conditions in subtropical
agricultural soils [27]. Therefore, rare microbial taxa can represent a microbial “seed
bank” that may be activated when the environment is disturbed [24,28]. The intensity and
frequency of plant diversity loss due to global climate change are expected to increase
in the future [9,29,30]; therefore, it is of great significance to link the ecological functions
of rare microbial taxa with soil multifunctionality. Unfortunately, relevant knowledge is
still scarce, especially in semi-arid grassland ecosystems. Such knowledge is critical for
developing a management framework to maintain rare taxa involved in functionality and
decrease the impact of future climate change on a semi-arid grassland.

Loss in plant diversity of terrestrial ecosystems might aggravate C and other nutrient
limitations [30–32]. Heterotrophic organisms depend on plants to obtain C substrates;
therefore, there is ample evidence that soil microbes are usually limited by C [33]. Mi-
croorganisms play an essential role in ecosystem functions [6,18,34]; thus, more research
is undoubtedly required to evaluate how the shift in microbial nutrient limitations affects
microbes under changes in plant diversity. Soil enzymes produced by microbes transform
substrates in soil C and nutrient cycles [35]. Thus, enzymatic stoichiometry provides a
method for this study [35]. Several studies have shown that less diverse plant communities
allocate fewer photosynthates to below-ground ecosystems by decreasing the exudation
of root exudates [32]. Root exudates are an important C source for microbial growth [36];
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therefore, a less diverse plant community might intensify microbial C limitation [37]. C
limitation could affect microbial biosynthesis processes [35]; thus, lower below-ground
biomass allocation would reduce soil functions such as microbial growth and respiration
by increasing microbial C limitation [36,38]. The above results show that plant diversity
affects soil microbial communities by trophic interactions and altering soil biochemical pro-
cesses [12,13]. Thus, the loss of plant diversity may alter the relationships between plant and
soil microbial communities. Considering that soil microbial communities mediate ecosys-
tem functions, it is essential to elucidate the mechanisms by which plant-diversity-induced
changes in microbial C limitation regulate soil multifunctionality through impacting soil
microorganisms in a meadow grassland.

In addition, ecosystem multifunctionality is different from ecosystem services multi-
functionality in that the former represents the overall performance of an ecosystem without
considering stakeholders; whereas the latter is defined as the ability of ecosystems to syner-
gistically provide various ecosystem functions and services that translate into a variety of
social benefits and welfare [1]. Therefore, investigations of ecosystem service multifunction-
ality have significant importance in future semi-arid grassland ecosystems management
and sustainable development. In this study, a meadow grassland in northeast China was
selected to discuss the soil multifunctionality and microbial driving mechanisms under a
plant diversity loss scenario. The objectives of this study were to 1) evaluate the important
roles of soil bacterial and fungal diversity and rare taxa in driving soil multifunctionality
under different plant diversity conditions; 2) reveal the underlying mechanisms by which
plant-diversity-induced alterations of microbial C limitation regulate soil multifunction-
ality through soil microorganisms; 3) provides a scientific reference for the evaluation of
semi-arid grassland ecosystem services multifunctionality.

2. Materials and Methods

2.1. Study Site

The experiment was conducted at the Tongyu Observatory in a semi-arid climate
and environment (44◦ 25′ N, 122◦ 52′ E). This site is located within the Songnen grassland
ecosystem of northeastern China (Figure 1a). The vegetation is a meadow steppe, situated
at the eastern end of the Eurasian grassland belt with Leymus chinensis (Trin.) Tzvelev
(https://www.ipni.org/) (accessed on 1 June 2022) is the dominant species. The soil texture
is clay loam, according to the International Society of Soil Science Standard. The study area
has a temperate continental monsoon climate. The mean annual precipitation is ~404 mm,
and more than 80% of the rainfall is concentrated during the growing season (from May to
September). The mean annual temperature is approximately 5.7 ◦C.

2.2. Experimental Design and Sampling

Within approximately 1 km2 of the study area, we randomly selected three single
plant species patches i.e., Carex duriuscula C.A.Mey., Lespedeza hedysaroides (Pall.) Kitag., and
Calamagrostis rigidula A.I.Baranov and Skvortsov assemblages and three multiple species
coexisting plant assemblages with different dominant Lespedeza daurica (Laxm.) Schindl.,
L. chinensis, and Hierochloe glabra Trin. naturally existing in the grassland. Single species
assemblages and multiple species assemblages represent low and high diversity levels,
respectively. The plant species composition is shown in Table S1. A vegetation survey was
conducted in mid-August 2018 when the standing biomass reached its maximum. For the
six study sites selected above, the interval between every two sites was greater than 100 m.
For plant and soil sampling, five plots (1 m × 1 m) with an interval of more than 10 m
were randomly selected at each study site (Figure 1b). In this study, soil characteristics
of low diversity plant assemblages and high diversity plant assemblages were similar
(p > 0.05) (Figure S1); thus, soils were comparable across different plant diversity plots. We
selected six sites with similar soil characteristics but different levels of plant diversity. It is
reasonable to obtain data based on one-time sampling to explore the impact of different
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levels of plant diversity on soil, microorganisms, and soil functions. Additionally, this
method has been widely adopted by many studies in the field of ecology [32,39].

Figure 1. Locations of the study site (a) and experimental design for plant and soil sampling (b) in
the Songnen grassland, China. Three single plant species patches, i.e., Carex duriuscula C.A.Mey.
(CD), Lespedeza hedysaroides (Pall.) Kitag. (LH), and Calamagrostis rigidula A.I.Baranov and Skvortsov
(CR) assemblages and three multiple species coexisting plant assemblages with different dominant
Lespedeza daurica (Laxm.) Schindl. (LD.ass), Leymus chinensis (Trin.) Tzvelev (LC.ass), and Hierochloe
glabra Trin. (HG.ass) naturally existing in the grassland. For the six study sites selected above, the
interval between every two sites was greater than 100 m. For plant and soil sampling, five plots (1 m
× 1 m) with an interval of more than 10 m were randomly selected at each study site. Five soil cores
were randomly selected in each plot by a soil auger.

All the plant species were identified and recorded in each plot; then, soil and plant
samples were collected simultaneously from each plot. Five soil cores (0–10 cm) were
randomly selected in each plot by a soil auger (5 cm diameter), then mixed to form a
composite sample. Next, the soil samples were sieved (2 mm) to remove any roots and
stones. We harvested above-ground living plants to evaluate each plot’s above-ground
biomass (AGB). The below-ground biomass (BGB) of each plot was measured by root
biomass from three soil cores with a diameter of 10 cm and a depth of 30 cm. All the soil
samples were placed in well-sealed zippered bags and transported to the laboratory within
24 h in cooling boxes.

2.3. Plant and Soil Samples Analysis

The plant AGB and BGB were determined by plant materials heated at 105 ◦C for
30 min to rapidly cease metabolic activities [40] and then oven-dried at 65 ◦C for 48 h until
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the weight remained constant [41]. The soil samples were divided into three subsamples
for physiochemical analyses and the assessment of microbial communities. One aliquot of
soil was stored at 4 ◦C and used to determine the soil water content (SWC), soil available
N (AN) content (NH4

+-N and NO3
−-N), soil net nitrification rate (Nn), and the net N

mineralization rate (Nm). Another aliquot of soil was stored at −80 ◦C and used for
the analysis of high-throughput sequencing and to assess activities of α-1,4-glucosidase
(αG), β-1,4-glucosidase (βG), β-1,4-xylosidase (βX), β-D-cellobiohydrolase (CBH), leucine
aminopeptidase (LAP), β-1,4-N-acetylglucosaminidase (NAG), and alkaline phosphatase
(ALP). Finally, the third aliquot of soil was air-dried at room temperature for soil pH,
electrical conductivity (EC), soil total organic carbon (TOC), total soil nitrogen (TN), total
soil phosphorus (TP), and available soil phosphorus (AP) analyses.

The soil pH was detected in deionized water (soil: water = 1:5, w:v) with a portable pH
meter (Leichi PHBJ-260, Shanghai, China), and the soil EC was measured with an electronic
conductivity meter (Leici DDS307, Shanghai, China) [42]. The SWC was measured as
the weight loss recorded after the fresh soils had been oven-dried to a constant weight at
105 ◦C [10]. The soil TN content was measured with an elemental analyzer (vario EL cube,
Elementar, Langenselbold, Germany). Briefly, 30 mg of the air-dried soil was put into a
tinfoil cup and tightly wrapped in soil and then put into an automatic sampling tray; the
results were analyzed on the machine. Soil TOC was determined with an elemental analyzer
(Isoprime 100, Isoprime Ltd., Manchester, UK). The NH4

+-N and NO3
−-N concentrations

were measured by extraction with 2 M KCl (soil: water = 1: 5, w:v) and analyzed with a
continuous flow analyzer (Futura, Alliance-AMS) [41]. The Nn and Nm were calculated
according to alterations in the concentrations of NH4

+-N and NO3
−-N before and after

incubation [43]. For soil TP, 0.5 g air-dried soil and ball milling were digested with HClO4
(7.7 mL, 75%) at 203 ◦C for 75 min [44]. Soil AP was extracted with 0.5 M NaHCO3,
and the molybdenum blue colorimetric method was used to analyze [45]. All enzyme
activities were measured using a 4-methylumbelliferyl (MUB) substrate, except for 7-amino-
4-methyl-coumarin (7-AMC) for the LAP [46]. Seven enzyme activities were determined in
black 96-well microplates. Four replicate wells were set up for each enzyme test sample
(200 μL slurry + 50 μL substrate) and corresponding substrate control (200 μL buffer +
50 μL substrate). Four replicate wells were set up for standard fluorescence (200 μL buffer
+ 50 μL standard), slurry control (200 μL slurry + 50 μL buffer), and quench standards
(200 μL slurry + 50 μL standard). The assay plate was incubated in a dark environment
at 25 ◦C for 3 h. Fluorescence was measured using a microplate fluorometer (TECAN
infinite F200, Tecan Group, Switzerland) with excitation and emission filters of 360 nm and
460 nm, respectively.

2.4. Assessment of Microbial Communities

According to the manufacturer’s protocol, total genomic DNA was extracted from
0.3 g of soil with the PowerSoil DNA Isolation Kit (MO BIO Laboratories, Inc., Carlsbad,
CA, USA). The concentration and purity of the extracted DNA were measured with a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA ). DNA
quality was evaluated by 1% agarose gel electrophoresis. We acquired information on the
diversity and composition of soil bacteria and fungi by performing 16S rRNA and ITS
genes amplicon sequencing and the 338F/806R (5′-ACTCCTACGGGAGGCAGCA-3′, 5′-
GGACTACHVGGGTWTCTAAT-3′) and ITS1F/ITS2R (5′-CTTGGTCATTTAGAGGAAGTAA-
3′, 5′-GCTGCGTTCTTCATCGATGC-3′) primer pairs, respectively. The total volume of
the PCR amplification for bacteria and fungi was 50 μL, including 10 μL buffer, 0.2 μL
Q5 High-Fidelity DNA Polymerase, 10 μL High GC Enhancer, 1 μL dNTP, a 10 μM con-
centration of each primer, and 60 ng genome DNA. The thermal cycling conditions were
95 ◦C denaturation for 5 min, 15 cycles at 95 ◦C for 1 min, 50 ◦C for 1 min, 72 ◦C for
1 min, and 72 ◦C final extension for 7 min. Ultimately, we quantified all PCR products
by Quant-iT™ dsDNA HS Reagent and pooled them together. Furthermore, we con-
ducted a high-throughput sequencing analysis of 16S rRNA and ITS genes by the Illumina
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Hiseq 2500 platform (2 × 250 paired ends) at Biomarker Technologies Corporation (Beijing,
China). Bacterial and fungal sequences were quality-filtered with the QIIME software pack-
age and merged using the FLASH software package [47]. The operational taxonomic units
(OTUs) were defined by 97% similarity. Representative sequences of bacteria and fungi
were annotated with the SILVA and UNITE databases [48]. The final total data set retained
1852 and 1325 OTU numbers and 2,057,790 and 2,071,174 clean reads for bacteria and fungi,
respectively. The raw bacterial and fungal reads were deposited into the National Center for
Biotechnology Information (NCBI) Sequence Read Archive (SRA) database under accession
numbers PRJNA810930 and PRJNA810946, respectively.

2.5. Definition of Abundant and Rare Taxa

Previous studies have widely used relative abundance as a metric to describe microbial
taxa or OTUs in their environment. Thus, relative abundance is useful for classifying
abundant or rare taxa in microbial communities [24,49]. We identified relative abundance
thresholds as 1% for abundant taxa and 0.01% for rare taxa [26,27,50]. These classifications
ignored intermediate taxa (relative abundance between 0.01 and 1%) and oscillatory taxa
(rare and abundant under different environment conditions) [27]. All OTUs were classified
into six categories based on the criteria used in recent studies [26,27,50]: always abundant
taxa (AAT, relative abundance ≥ 1%); conditionally abundant taxa (CAT, relative abundance
≥ 0.01% in all samples and ≥ 1% in some samples); always rare taxa (ART, relative
abundance < 0.01% in all samples); conditionally rare taxa (CRT, relative abundance < 0.01%
in some samples but never >1% in any samples); moderate taxa (MT, relative abundance
between 0.01% and 1% in all samples); and conditionally rare and abundant taxa (CRAT,
relative abundance < 0.01% in some samples and ≥ 1% in some samples). Finally, AAT
and CAT were classified as abundant taxa, and ART and CRT were classified as rare
taxa [26,27,50].

2.6. Assessment of Multifunctionality

Soil multifunctionality was quantified based on ten soil functions widely adopted in
previous studies [51–55]. These parameters are related to organic matter decomposition,
climate regulation, and nutrient cycling, including αG, βG, βX, CBH, LAP, NAG, Nn, Nm,
ALP, and AP. Of them, αG, βG, βX, and CBH represent the C cycle, LAP, NAG, Nn, and
Nm represent the N cycle, and ALP and AP represent the P cycle (Table S2). The averaging
and threshold approaches have commonly been used to estimate the relationship between
biodiversity and multifunctionality [2,34,53,56–58]. In this study, we evaluated the soil
multifunctionality index using three methods, which contained averaging approach [56],
single-threshold, and multiple-threshold approach [57,58]. To obtain an average soil multi-
functionality index, each function was standardized by Z-score transformation and then
averaged [2,56]. We used a single-threshold approach to calculate the number of soil
functions exceeding a given threshold (25%, 50%, 75%, and 90%) [2,54]. However, the
multiple-threshold method can demonstrate the effect of bacterial and fungal richness on
soil multifunctionality in the full threshold range.

2.7. Enzymatic Stoichiometry

We constructed the vector analysis of soil enzymatic stoichiometry to evaluate soil
microbial C limitation levels [59]. A longer vector length represents a stronger C limitation.

Vector length (unitless) =
√
(lnβG/ ln(NAG + LAP))2 + (lnβG/lnALP)2

2.8. Statistical Analysis

We used an independent sample t-test to evaluate the differences in plant and soil
properties and soil multifunctionality between different levels of plant diversity. When
the data did not meet the requirements for normality (Shapiro Wilk test) and homogeneity
of variance (Bartlett test), log transformations were performed on the data. We calculated
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the microbial richness with the “vegan” package [60]. Ordinary least squares (OLS) linear
regression was conducted to explore the relationships between microbial C limitation and
microbial richness; OLS linear regression also was conducted to explore the relationships
between bacterial richness, fungal richness, relative pathogen abundance, saprotrophic
relative abundance, relative symbiont abundance, and soil multifunctionality [14,15,34,61].
Three methods of soil multifunctionality were evaluated with the “multifunc” package [58].
According to recent studies [14,47,61,62], functions were obtained based on fungal taxa by
the FUNGuild database (http://www.stbates.org/guilds/app.php) (accessed on 6 January
2019). Random forest modeling analysis was applied with the “randomForest” package [63]
to identify the major statistically significant microbial taxa (OTU level) in impacting soil
multifunctionality. Then, seven microbial taxa, including four bacterial taxa and three
fungal taxa, were selected in the random forest modeling. The “A3” package [64] was
used to assess the importance of each predictor on soil multifunctionality. In addition,
we used piecewise structural equation modeling (SEM) with the “piecewiseSEM” [65],
“nlme” and “lme4” packages [66] to investigate the potential direct and indirect effects
of plant diversity on soil multifunctionality. The prior model was constructed based on
current ecological knowledge of the grassland ecosystems [7,36,53,67] to evaluate the link
between soil biodiversity and multifunctionality (averaging), assuming that plant diversity
altered plant biomass allocation patterns and microbial C limitation, thus promoting soil
microbial richness and soil multifunctionality (Figure S2a). Fisher’s C test (0 ≤ Fisher’s
C ≤ 2 df and 0.05 < p ≤ 1.00) was used to verify the rationality of the modeling results.
Among significant models, the one with the lowest Akaike information criterion (AIC)
value was selected for the final SEM analysis [68] (Figure S2b–d). All statistical analyses
and visualizations of this study were performed in R v.4.1.2 software.

3. Results

3.1. Plant and Soil Properties and Soil Multifunctionality

The ratio of BGB to AGB was significantly higher with high plant diversity than
with low plant diversity (Figure 2a; p < 0.001). Microbial C limitation was higher with
low diversity than with high diversity (Figure 2b; p < 0.01). The results showed that
plant diversity significantly altered soil multifunctionality (Figure 2c), i.e., high diversity
significantly increased soil multifunctionality compared with low plant diversity (Figure 2c;
p < 0.001). SWC, soil pH, EC, AN, and TOC showed no significant differences between the
two plant diversities (Figure S3a–d,g). Soil TN and TP were higher with low diversity than
with high diversity (Figure S3e,f; p < 0.05 and p < 0.01). In addition, the soil C/N was much
higher with high diversity than with low diversity (Figure S3h; p < 0.001).

3.2. Soil Microbial Community Composition

The rarefaction curves of OTU richness of bacterial and fungal communities almost
approached saturation (Figure S4a,b), showing that the amount of data of sequenced reads
were reasonable. The bacterial OTUs were assigned to 23 phyla, 76 classes, 110 orders,
188 families, 271 genera, and 226 species; similarly, the fungal OTUs were assigned to
10 phyla, 23 classes, 51 orders, 103 families, 177 genera, and 152 species. The bacterial com-
munities were dominated by Acidobacteria, Proteobacteria, and Actinobacteria (Figure S5).
A significantly higher relative abundance of Acidobacteria was observed with low plant
diversity than with high plant diversity (Figure S5a; p < 0.001). The relative abundance
of Actinobacteria and Chloroflexi was higher with high diversity than with low diversity
(Figure S5b,d; p < 0.001). The fungal communities were dominated by Ascomycota and
Basidiomycota (Figure S5). The bacterial communities were dominated by the genera
RB41, uncultured_bacterium_c_Subgroup_6, and uncultured_bacterium_f_Gemmatimonadaceae
(Figure 3a). However, the fungal communities were dominated by the genera Ceratobasid-
ium, Mortierella, and Cladosporium (Figure 3b). The richness (OTU richness) of fungal and
bacterial were significantly greater with high diversity than with low diversity (Figure S6;
p < 0.001, p < 0.05).
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Figure 2. The ratio of BGB to AGB (a), microbial C limitation (b), and soil multifunctionality (c) in
response to plant diversity. ** p < 0.01 and *** p < 0.001 (t-test). AGB: above-ground biomass, BGB:
below-ground biomass.

Figure 3. Relative abundance of bacterial (a) and fungal (b) dominant genera in different plant
diversity levels, “Others” represents all genera with relative abundance < 1%.

3.3. Microbial Taxa in Relation to Soil Multifunctionality

The OLS regression models showed that microbial C limitation was significantly and
negatively related to fungal richness (Figure 4b; R2 = 0.309, p < 0.001). Furthermore, the
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results showed that fungal richness was significantly and positively associated with aver-
age soil multifunctionality (Figure 5b; R2 = 0.233, p = 0.003). However, bacterial richness
showed no correlation with soil multifunctionality (Figure 5a). Based on the positive
correlation between fungal richness and soil multifunctionality, we aimed to identify the
relationships between fungal guilds and soil multifunctionality. A negative linear correla-
tion was found between the relative abundance of pathogens and soil multifunctionality
(Figure 5c; R2 = 0.140, p = 0.023). However, we found a significantly positive relationship
between the relative abundance of saprotrophs and soil multifunctionality (Figure 5d;
R2 = 0.165, p = 0.014).

Figure 4. Relationships between soil microbial carbon (C) limitation and bacterial richness (a) and
fungal richness (b). The black lines represent the fitted ordinary least squares (OLS) linear regressions.
Red circles represent high plant diversity, while blue ones indicate low plant diversity.

Soil multifunctionality was positively and significantly related to fungal richness
rather than bacterial richness. This result was confirmed using the single-threshold method
(Figure S7) and the multiple-threshold method (Figure 6). Threshold methods were also
used to assess whether multiple functions were performed at high levels simultaneously.
Specifically, we performed single-threshold analysis; positive and significant correlations
were found between the bacterial richness and soil multifunctionality at given thresholds of
75% and 90% (Figure S7g,h; R2 = 0.108, p = 0.042, R2 = 0.105, p = 0.044). However, there were
significant and positive correlations between the fungal richness and soil multifunctionality
at given thresholds of 25%, 50%, 75%, and 90% (Figure S7a–d; R2 = 0.220, p = 0.005,
R2 = 0.111, p = 0.039, R2 = 0.313, p < 0.001, R2 = 0.292, p = 0.001). However, the multiple-
threshold method does not require a threshold to be set and studies a continuous threshold
gradient (Figure 6a,b). The minimum threshold (Tmin) for fungi was 16%, the lowest
threshold at which fungal richness began to have a positive effect on soil multifunctionality.
When the threshold was 36%, the maximum richness effect (Rmde) was 0.016, i.e., the
relationship strength of fungal richness with the strongest positive effect, indicating that
the addition of one species of fungus could increase the function by 0.016 (Figure 6d).
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Figure 5. Relationships between soil multifunctionality and bacterial richness (a), fungal richness (b),
pathogens relative abundance (c), saprotrophs relative abundance (d), and symbionts relative abun-
dance (e). The black lines represent the fitted ordinary least squares (OLS) linear regressions. Red
circles represent high plant diversity, while blue ones indicate low plant diversity.
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Figure 6. Effects of bacterial (a) and fungal (b) richness on the number of functions above thresholds.
Lines represent the slope between soil microbial richness and the number of functions greater than
or equal to a threshold value ranging from 5% to 99% of the maximum for each function. The
dotted curves indicate the changes in the number of functions per unit increment of the richness
of bacteria (c) and fungi (d). Tmin is the minimum threshold that soil multifunctionality becomes
influenced by changes in microbial richness, and Rmed is the realized maximum effect of richness on
soil multifunctionality.

3.4. Microbial Taxa Predicting Soil Multifunctionality

Bacterial rare taxa accounted for 81.64% of total OTUs and 40.90% of the relative
abundance, respectively (Figure 7a). In comparison, abundant bacterial taxa accounted
for 1.13% of total OTUs and 17.55% of the relative abundance, respectively (Figure 7a).
In addition, bacterial conditionally rare and abundant taxa accounted for 0.11% of total
OTUs and 0.67% of the relative abundance, respectively (Figure 7a). Bacterial moderate
taxa accounted for 17.12% of total OTUs and 40.86% of the relative abundance, respectively
(Figure 7a). Fungal rare taxa accounted for 81.66% of total OTUs and 23.93% of the relative
abundance, respectively (Figure 7a). Fungal abundant taxa accounted for 0.91% of total
OTUs and 11.52% of the relative abundance, respectively (Figure 7a). Finally, fungal
conditionally rare and abundant taxa accounted for 17.28% of total OTUs and 64.02% of
the relative abundance, respectively (Figure 7a). Fungal moderate taxa accounted for 0.15%
of total OTUs and 0.54% of the relative abundance, respectively (Figure 7a). Random forest
modeling results indicated that fungal ART (p = 0.012) was the most important microbial
taxa in predicting soil multifunctionality (Figure 7b).
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Figure 7. The percentage of OTUs and relative abundance of six categories of microbial taxa (a). The
random forest regression model indicates the main microbial drivers of soil multifunctionality (b).
MSE is the mean square error. This accuracy importance measure is computed for each tree and
averaged over the forest (5000 trees) and determined by the increase in the MSE. * p < 0.05 on the
bar shows that the associated microbial taxa have a significant effect on soil multifunctionality. ART:
always rare taxa; CRT: conditionally rare taxa; AAT: always abundant taxa; CAT: conditionally
abundant taxa; CRAT: conditionally rare and abundant taxa; MT: moderate taxa.
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3.5. Direct and Indirect Effects of Plant Diversity on Soil Multifunctionality

The SEM analysis explained 53% of the total variation in soil multifunctionality (Fig-
ure 8a). Plant diversity indirectly affected soil multifunctionality by influencing the ratio
of BGB to AGB, microbial C limitation, and fungal richness but not bacterial richness
(Figure 8a and Figure S3). Plant diversity, the ratio of BGB to AGB, and fungal richness
displayed positive effects on soil multifunctionality (Figure 8b). However, microbial C
limitation exhibited a negative effect on soil multifunctionality (Figure 8b).

Figure 8. The piecewise structural equation model was used to test the direct and indirect relation-
ships between plant diversity and soil multifunctionality (a). The corresponding values of the solid
line arrows are the width of normalized path system arrows that reflect the size of the normalized path
coefficient. The blue and red arrows show significant positive and negative correlations, respectively
(* p < 0.05, ** p < 0.01, and *** p < 0.001). Dashed lines show non-significant relationships. The values
above each variable represent the explanatory degree (R2) of each variable in the model. Standardized
total effects (direct plus indirect effects) derived from the piecewise structural equation model (b).

4. Discussion

Our study provides evidence that fungal richness rather than bacterial richness was
significantly related to soil multifunctionality in a semi-arid grassland in northeast China.
Saprotrophic fungi and rare fungal taxa were essential for maintaining soil functions. Fur-
thermore, under high diversity plant assemblages, the changes in plant biomass allocation
patterns increased plant below-ground biomass, which can alleviate microbial C limitation
and thus enhance the fungal richness, ultimately promoting soil multifunctionality. Such
results suggest that the above-ground and below-ground biodiversity, as well as rare fungal
taxa, are vital to maintaining ecosystem functions in a semi-arid grassland ecosystem.

Soil microorganisms are some of the most sensitive components to precipitation change
in semi-arid grasslands [69]. Therefore, biodiversity in semi-arid zones can be seriously
compromised if rainfall changes. For example, reducing precipitation significantly in-
creased fungal diversity [70]. However, one study showed a significant positive correlation
between fungal diversity and precipitation [71]. Previous studies have suggested that bac-
terial communities are more sensitive to changes in precipitation than fungal communities
in a semi-arid grassland [72]. However, we found that fungal richness and saprotrophic
fungi were principal biotic factors in regulating soil multifunctionality in a semi-arid grass-
land. Fungi can create an environment around themselves by secreting polysaccharides
from their hyphae to prevent dehydration [73]. Moreover, substrate diffusion restrictions
might force the soil fungal mycelium network to expand, which is conducive to absorbing
water and nutrients [74]. Therefore, fungi are more resistant to drought than bacteria,
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which may play an important role in arid and semi-arid grasslands [75]. For instance, soil
fungi are crucial to organic matter decomposition, and root-associated fungi are important
regulators of ecosystem C dynamics [22]. Moreover, fungal richness was significantly
positively correlated with denitrification activity, indicating that fungi could promote soil
N cycling [14]. Our results also showed that saprotrophic fungi significantly affected soil
multifunctionality (Figure 5d). Saprotrophic fungi mainly grow throughout the soil litter
interface and are involved in plant litter decomposition [76]. Previous studies have also
suggested that saprotrophic fungi might affect soil C storage through interactions with
ectomycorrhizal fungi [77]. Moreover, free-living saprotrophs generally play an essential
ecological role in dead plant material because they can derive C by propagules or hyphae
from dead organic material [78]. Saprotrophic fungi can also obtain fresh nutrients from
recalcitrant organic polymers using extracellular enzymes and the nonenzymatic Fenton
reaction [79,80]. For example, Podospora anserina is a potent plant biomass degrader and
efficiently utilizes lignocellulose as a C source through dedicated lignin degradation en-
zymes [81,82]. Therefore, the ability of saprophytic fungi to translocate C resources implies
that saprophytic fungi are essential agents of nutrient redistribution in soils [83]. Further-
more, the hyphal network formed by saprotrophic fungi is involved in the formation of soil
aggregates, which is of great significance for soil water retention and erosion resistance [84].
Collectively, the present study suggested the non-negligible roles played by the fungal
richness and saprophytic fungi in regulating soil functions.

An interesting result was that fungal ART was identified as the main driver of soil
multifunctionality (Figure 7b). Previous studies have suggested that rare fungal community
composition and functional guilds are more stable than those of the abundant taxa under
certain conditions [85]. In other words, rare taxa contribute to maintaining the microbiome’s
function under environmental stress because some may be highly resistant to stress [86]. For
example, a recent study found that rare microbial taxa might modulate the adverse effects
of semi-arid grassland degradation drivers such as vegetation loss and eutrophication on
soil organic matter decomposition [24]. Furthermore, rare taxa contributed more to soil C
and N cycling and crop yield than the abundant taxa [25]. Thus, rare microbial taxa play a
unique role in maintaining ecosystem functions [28,87]. However, our understanding of
rare microbial taxa is still preliminary, and more attention should be given to rare microbial
taxa in future studies of biodiversity and ecosystem multifunctionality.

As expected, in line with previous studies, high plant diversity increased soil multi-
functionality as compared with low plant diversity [4,56,88]. However, our study elucidated
the underlying mechanisms by which high plant diversity could enhance soil multifunc-
tionality through fungal richness. According to current knowledge [89], the possible reason
was that the competition for below-ground resources was less than that for above-ground
resources in low diversity plant assemblages. Therefore, low diversity plant assemblages
might increase the allocation of above-ground biomass to compete for light [89]. Although
above-ground biomass was expected to be associated with litter production, below-ground
C from rhizodeposition was vital for soil microbial communities [90]. C decomposes from
above-ground plant litter to the soil surface; thus, it is not readily available to microor-
ganisms inside the soil [36]. Therefore, a low diversity plant assemblage might intensify
microbial C limitation [91], mainly by changes in plant-root-derived substrates [37]. Our
results indicated that microbial C limitation significantly affected soil fungal richness but
not bacterial richness (Figure 4a,b). A reasonable explanation might be that members of
the fungal community are the first consumers of below-ground plant-derived C inputs to
the soil [24,92]. Thus, intensifying microbial C limitation reduced soil fungal richness and
ultimately decreased soil multifunctionality in the low diversity plant assemblage (Figure 9).
However, high diversity plant assemblages increased below-ground biomass allocation
(Figure 2a). A possible explanation for the increase in below-ground biomass may be that
the interactions between different plant species roots may affect biomass allocation patterns,
i.e., interspecific competition can increase plant below-ground biomass [93]. The total soil
organic carbon content under high plant diversity was higher than that under low plant
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diversity in this study area (Figure S3g). Although this study did not test the contents of
soil organic matter mineralization, previous literature has shown that the quantity and
quality of soil organic matter are the main driving factors affecting microorganisms [94].
The increasing plant below-ground biomass may improve the quantity and quality of soil
organic matter in semi-arid zones [32], and the increased soil C resources provide rich
substrates and energy for microorganism growth and basal metabolism [7], thus increasing
fungal diversity. In this study, the decreased microbial C limitation favored fungal richness
under high plant diversity, thus promoting soil multifunctionality (Figure 9). Furthermore,
our results indicate that semi-arid grassland provides essential ecosystem services such
as carbon sequestration, climate regulation, and biodiversity protection under high diver-
sity plant assemblages. Our findings suggest that high diversity plant assemblages make
semi-arid grassland ecosystems more efficient in regulating ecological processes, which
local stakeholders or grassland conservation agencies want. Therefore, ecosystem ser-
vices through the TESSA methodology (http://tessa.tools/) (accessed on 1 June 2021) [95]
should contain future multifunctionality studies. The study of ecosystem services multi-
functionality can provide important enlightenment for ecological protection and sustainable
development under the increasing pressure of human activities and climate changes. In
summary, this study revealed the mechanism of changes in soil multifunctionality in which
plant-diversity-induced alterations of microbial C limitation regulate soil multifunctionality
by affecting soil fungal richness in a semi-arid grassland.

Figure 9. A conceptual framework for understanding the effects of plant and fungal richness on
soil multifunctionality in a semi-arid grassland. Changing plant biomass allocation patterns in-
creased the ratio of plant below-ground biomass to above-ground biomass under high diversity
plant assemblages, which can alleviate microbial carbon (C) limitation and thus enhance the fungal
richness, finally promoting soil multifunctionality. The fungal richness was positively related to soil
multifunctionality, but the bacterial richness was not. Saprotrophic fungi and rare fungal taxa were
essential for maintaining the soil functions. The blue arrow represents an increase, and the red arrow
represents a decrease. + and − describe promotion and inhibition effects. AGB: plant above-ground
biomass; BGB: plant below-ground biomass; SMF: soil multifunctionality.
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5. Conclusions

Our results demonstrated that the positive effect of plant diversity on soil multifunc-
tionality was mainly due to the high plant diversity increasing plant below-ground biomass
allocation, which alleviated microbial C limitation and favored fungal richness, finally
promoting soil multifunctionality. Additionality, the high diversity of plant assemblages
enhanced ecosystem services for semi-arid grasslands protection, and plant-fungus relation-
ships were important to improve the assessment of ecosystem services. Instead of bacterial
richness, the fungal richness was the crucial biotic predictor of soil multifunctionality in
a semi-arid grassland. Furthermore, saprotrophic fungi and rare fungal taxa were major
drivers of soil multifunctionality. In conclusion, this study provides a new perspective
for evaluating the relative roles of fungal and bacterial diversity and biomass allocation
patterns in maintaining soil functions in the context of global plant diversity loss and has
important implications for biodiversity conservation and sustainable development in semi-
arid grasslands. Ecosystem multifunctionality and ecosystem services multifunctionality
should be popularized and applied in future multifunctionality studies.
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in the Songnen grassland, China; Table S2: Variables used to estimate soil multifunctionality and
their importance; Figure S1: Principal component analysis (PCA) to determine the difference of soil
characteristics between low diversity plant assemblages and high diversity plant assemblages. The
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nitrogen, total soil nitrogen, total soil phosphorus, soil total organic carbon, and soil C/N; Figure S2:
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(TP) (f), soil total organic carbon (TOC) (g), and soil C/N (h) in response to low and high plant
diversities. * p < 0.05, ** p < 0.01, and *** p < 0.001 (t-test); Figure S4: Rarefaction curves for the
soil bacterial (a) and fungal (b) communities at 97% sequence similarity in different plant diversity
assemblages. Low diversity assemblages including single species Carex duriuscula C.A.Mey. (CD),
Lespedeza hedysaroides (Pall.) Kitag. (LH), and Calamagrostis rigidula A.I.Baranov and Skvortsov (CR)
assemblages. High diversity assemblages including multiple species assemblages with the dominant
Lespedeza daurica (Laxm.) Schindl. (LD.ass), Leymus chinensis (Trin.) Tzvelev (LC.ass), and Hierochloe
glabra Trin. (HG.ass); Figure S5: The relative abundance of bacterial and fungal communities at
the phylum level. “Others” represents all phyla with relative abundance < 1%. ** p < 0.01, and
*** p < 0.001 (t-test); Figure S6: Fungal (a) and bacterial richness (b) in response to plant diversity.
*** p < 0.001 (t-test); Figure S7: The relationship between fungal (a–d) and bacterial richness (e–h) and
soil multifunctionality, at four different thresholds 25%, 50%, 75%, and 90% of maximum. The black
lines represent the fitted ordinary least squares (OLS) linear regressions. Red circles represent high
plant diversity, while blue ones indicate low plant diversity.
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Simple Summary: The integration of fish in rice fields can influence the diversity and structural com-
position of soil microbial communities. Therefore, soil microorganisms between rice–fish co-culture
(RF) and rice monoculture (MC) were compared. The key findings revealed that Actinobacteria,
Chloroflexi, Proteobacteria, Acidobacteria, and Planctomycetes were the most dominant taxa across
both paddy fields. The most abundant genus in MC belonged to Anaeromyxobacter, whereas that in
RF was Bacillus. Nitrogen fixation, aromatic compound degradation, and hydrocarbon degradation
were more abundant in RF. Phosphatase, β-glucosidase, cellulase, and urease enzymes were detected
in both paddy fields. However, a 2-year conversion from organic rice to rice–fish co-culture may not
be long enough to significantly alter alpha diversity indices.

Abstract: Soil microorganisms play an important role in determining nutrient cycling. The integration
of fish into rice fields can influence the diversity and structural composition of soil microbial commu-
nities. However, regarding the rice–fish co-culture (RF) farming system in Thailand, the study of the
diversity and composition of soil microbes is still limited. Here, we aim to compare the microbial
diversity, community composition, and functional structure of the bacterial communities between
RF and rice monoculture (MC) farming systems and identify the environmental factors shaping
bacterial community composition. Bacterial taxonomy was observed using 16s rRNA gene amplicon
sequencing, and the functional structures of the bacterial communities were predicted based on their
taxonomy and sequences. The results showed that soil organic carbon, total nitrogen (TN), organic
matter, available phosphorous, and clay content were significantly higher in RF than in MC. The most
dominant taxa across both paddy rice fields belonged to Actinobacteria, Chloroflexi, Proteobacteria,
Acidobacteria, and Planctomycetes. The taxa Nitrosporae, Rokubacteria, GAL15, and Elusimicrobia
were significantly different between both rice fields. At the genus level, Bacillus, Anaeromyxobacter,
and HSB OF53-F07 were the predominant genera in both rice fields. The most abundant genus in
MC was Anaeromyxobacter, whereas RF belonged to Bacillus. The community composition in MC was
positively correlated with magnesium and sand content, while in RF was positively correlated with
pH, TN, and clay content. Nitrogen fixation, aromatic compound degradation, and hydrocarbon
degradation were more abundant in RF, while cellulolysis, nitrification, ureolysis, and phototrophy
functional groups were more abundant in MC. The enzymes involved in paddy soil ecosystems
included phosphatase, β-glucosidase, cellulase, and urease. These results provide novel insights into
integrated fish in the paddy field as an efficient agricultural development strategy for enhancing soil
microorganisms that increase soil fertility.

Keywords: microbial diversity; microbial community composition; 16s rRNA gene; rice–fish co-culture;
rice monoculture
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1. Introduction

Microorganisms play important roles in soil and agricultural ecosystems [1,2]. They
are responsible for several processes, such as biomass decomposition, nutrient circulation,
and soil formation, which subsequently affect plant growth and production [1–3]. In recent
years, soil microbial communities have been extensively investigated, as they may reflect
soil fertility and ecosystem function [4,5]. Furthermore, the soil microbial community can
be used as an indicator to track changes in various land management methods, such as
tracking changes in restoration outcomes [6,7] or evaluating agricultural management
methods [8].

Integrated rice and fish farming has been practiced in Thailand for more than 200 years
by capturing wild seed fish in the rice fields [9]. The rice–fish co-culture (RF) is eulogized
for improving ecosystems and alleviating poverty [10] and promoted as increasing biodi-
versity, reducing fertilizer and pesticide utilization, and contributing to system stability and
sustainability [11,12]. Several studies (i.e., [13–15]) reported that RF generated the extra
production of aquaculture, which increased farmers’ income. Due to fish eating insects,
pests, and weeds, the use of pesticides and herbicides can be reduced [16] while organic
fertilizers and organic amendments are more applied. These promote the suitable condition
for the abundant and diversified population of soil microorganisms, especially bacteria that
play a crucial role in soil carbon and nitrogen mineralization. Proteobacteria, Bacteroidetes,
Acidobacteria, and Chloroflexi were generally dominant phyla in the paddy soil [17–19],
which play important roles in soil nutrient cycles [20,21]. Thus, soil microbial communities
can be used as an indicator to explain soil health [22].

To date, the scientific knowledge on soil microbial taxonomic and functional composi-
tion, and their interactions with environmental factors of integrating fish in paddy fields
remain unclear. Therefore, our study was carried out to fill this gap, aiming to (i) compare
microbial diversity and community composition between rice monoculture (MC) and RF
fields, (ii) identify the environmental factors shaping the bacterial community composi-
tion, and (iii) compare the functional structure of the bacterial communities between both
study sites. This study can provide scientific knowledge for the development of a rice–fish
co-culture farming system.

2. Materials and Methods

2.1. Description of Study Sites

The study sites were located in the Samnak Khun Nen Subdistrict, Dong Charoen
District, Phichit Province, Lower North of Thailand. The maximum and minimum temper-
atures were 32.9 and 23.3 ◦C, respectively, while the average precipitation was 1264.8 mm
year−1. A rice–fish co-culture farm (16◦04′04.1” N, 100◦32′31.1” E, Figure 1a) which has
been producing organic rice for more than 10 years was selected. The International Fed-
eration of Organic Agriculture Movements (IFOAM) Standard was first certified in 2016,
while the EU/USDA Organic Standard was approved in 2018. The “Riceberry” rice variety
was usually grown once per year from August to December. Since 2019, this farm has been
raising fish in the paddy field. The main species of fish were common snakehead (Channa
striata), walking catfish (Clarias batrachus (L.)), and Nile tilapia (Oreochromis niloticus). The
rice bran, vegetable, and fruit residues and cattle manure were applied in the paddy field
as the food for the fish and nutrients for rice. The weeds were removed by hand, while
biofermented juice was produced from lemongrass, neem leaves, fruits, and vegetables and
then mixed with molasses and animal dung (poultry and cattle) to dispose of the insects.
The type of rice–fish co-culture field was the canal refuge (Figure 1b). The transplanting
method was used for rice planting, which was performed by hand. One-month-old fish
were released into the paddy field 30 days after rice planting. The water level in the field
was maintained at around 20–30 cm during rice growing. Rice harvesting was performed
by hand, and all rice residues were left in the paddy field. Rice yield was approximately
3.6 tons ha−1, while the yield of fish was around 300 kg ha−1.
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Figure 1. Study areas. (a) study sites, (b) canal refuge. The aerial image was taken from Google maps
on 20 April 2022. The photo was taken on 27 December 2021 by Noppol Arunrat.
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For a fair comparison, an adjacent conventional rice farm (16◦04′04.6” N, 100◦32′31.9” E)
was selected as the comparison site (Figure 1a). The “RD41” (105 days) or “RD57” (110 days)
rice varieties were chosen for planting once a year (August to November). The pregermi-
nated rice seeds were sown by hand (broadcasting method). Then, N, P2O5, and K2O
chemical fertilizers were applied, namely 46-0-0 (125 kg ha−1) and 16-20-0 (156.3 kg ha−1).
Glyphosate (48% w/v SL) and alachlor (48% w/v EC) were used to kill the weeds, while
acephate (75% S) and chlorpyrifos (40% EC) were applied to eliminate the diseases and
insects. A harvesting machine was usually used for rice harvesting, then all rice residues
were left in the paddy field. The rice yield was approximately 4.7 ton ha−1.

2.2. Soil Sampling and Measurements

In December 2021, soil samples were collected from the top layer (0–10 cm) of the
rice–fish co-culture field and conventional rice field. Five duplicates of soil samples were
collected for each field, and 10 soil samples were collected in total. The 50 g soil samples
were kept in a cold storage box and brought to the laboratory for the extraction of soil
microbial DNA.

Moreover, the soil cores (5.0 cm width × 5.5 cm length) were used to collect the soil
samples for soil bulk density measurement and were then measured after 24 h of drying
in an oven at 105 ◦C. The 1 kg soil samples were taken for soil physical and chemical
properties analysis.

Soil texture was measured using a hydrometer. Electrical conductivity (ECe) was
measured using an EC meter in saturation paste extracts (1:5) [23]. Soil pH was determined
using a pH meter in a 1:1 soil-to-water mixture [24]. Available phosphorus (Avail. P)
was determined following the molybdate blue method (Bray II extraction) [25]. Available
potassium (Avail. K), available calcium (Avail. Ca), and available magnesium (Avail. Mg)
were measured using atomic absorption spectrometry (NH4OAc extraction pH 7.0) [26].
Total nitrogen (TN) was measured using the micro-Kjeldahl method. Organic carbon (OC)
was analyzed using the Walkley and Black [27] method and converted to organic matter
(OM) by multiplying by 1.724. The SOC stock was calculated using the following equation:

SOCstock = OC × BD × L, (1)

where SOCstock is the soil organic carbon stock (Mg C ha−1), OC is organic carbon (%), BD
is soil bulk density (Mg m−3), and L is soil depth (cm).

2.3. DNA Extraction and Amplicon Sequencing of 16s rRNA Gene

DNA was extracted from 0.25 g of soil using DNeasy PowerSoil Pro DNA Kit (Qiagen,
Germantown, MD, USA) following the manufacturer’s instructions. The extracted DNA
was subjected to amplicon library preparation and sequencing. Briefly, PCR amplification,
targeting the V3–V4 variable of the 16s rRNA gene, was performed using the universal
primers 341F (5′-CCTAYGGGDBGCWSCAG) and 805R (5′-GGA CTACNVGGGTHTC-
TAAT) (Klindworth et al., 2013). The amplicons were then sequenced on the Illumina Miseq
platform (2 × 250 bp). The amplification and sequencing steps were run by Omics Sciences
and Bioinformatics Center (Chulalongkorn University, Bangkok, Thailand).

2.4. Sequencing Analysis and Microbial Taxonomic Identification

The raw sequence dataset was analyzed with QIIME 2 v. 2021.8 [28]. The 16s rRNA
primers were trimmed from forward and reverse reads using cutadapt [29]. The trimmed
sequences were quality-filtered (MaxEE = 2; no ambiguous nucleotide) and merged (mini-
mum overlap = 12 nucleotides), and chimeras were removed using the DADA2 plugin [30].
The high-quality sequence was clustered at 97% sequence identity into operational tax-
onomic units (OTUs) using the VSEARCH plugin [31,32]. Representative sequences of
each OTU were taxonomically identified against the Silva v.138 database [33,34]. To elimi-
nate potential sequencing error, rare OTUs (singletons, doubletons, and tripletons) were
removed from the dataset. After that, the number of reads that remained in each sample
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was randomly subsampled and normalized to the smallest number of reads per sample
(24,676 reads/sample), to avoid sequencing depth bias, using rarefy was implemented in
QIIME 2. These normalized datasets were used for further analysis.

2.5. Functional Prediction

Microbial associated functions were predicted using FAPROTAX [35,36] and PI-
CRUSt2 [37]. The FAPROTAX predicted the ecologically relevant function of each taxon
based on data of the cultured taxa. For example, if all cultured taxa of a bacterial genus
were identified as nitrogen-fixing bacteria, all uncultured members of that genus will also
be identified as nitrogen-fixing bacteria. On the other hand, PICRUSt2 predicted potential
functions based on gene sequences presented in each taxon. In this study, the PICRUSt func-
tion was emphasized as enzyme activities that were potentially performed by the detected
taxon. These functional analyses were performed following the instructions on the FAPRO-
TAX (http://www.loucalab.com/archive/FAPROTAX/lib/php/index.php?section=Home
accessed on 27 March 2022) and PICRUSt (https://github.com/picrust/picrust2/wiki
accessed on 27 March 2022) webpages.

2.6. Statistical Analysis

Statistical analysis was performed on PAST [38] and R statistical software [39]. Inde-
pendent t-tests were employed for comparison of soil physicochemical properties between
monoculture rice fields and rice–fish co-culture fields. The correlations among the physic-
ochemical variables were observed via Pearson’s correlation matrixes. Differences in the
relative abundance of microbial taxa detected in the two study sites were indicated us-
ing the linear discriminant analysis (LDA) effect size (LEfSe) [40]. Taxa with significant
p-values (p < 0.05) and LDA score ≥ 2 were considered differentially abundant taxa. The
LEfSe analysis was performed on an online interface of the Huttenhower lab Galaxy server
(http://huttenhower.sph.harvard.edu/galaxy accessed on 27 March 2022). Alpha diversity,
including observed OTU richness, Shannon, and Simpson indices were estimated using the
diversity indices function in PAST. Differences in the alpha diversity indices between the
two study sites were tested via t-test. Beta diversity, representing community composition,
was analyzed using non-metric multidimensional scaling (NMDS) ordination based on
Bray–Curtis dissimilarity, which was computed using the metaMDS function in the vegan
R package. Permutational MANOVA (PERMANOVA) was used to the calculated difference
between the two community compositions using the adonis function. The influence of soil
properties on soil bacterial community composition was estimated by correlation analysis.
The correlations were calculated using the envfit function in the vegan R package, and
the p-values were corrected by Bonferroni’s correction using the p.adjust function in the
stat R package. The NMDS ordination with significantly correlated soil parameters was
plotted using the ggplot2 R package. Bacterial-associated functions, predicted by both
FAPROTAX and PICRUSt2, were visualized as extended bar plots in STAMP software.
Statistical differences between each function were tested via t-test, and all p-values were
corrected using Bonferroni’s correction. Functional compositions were analyzed following
the community composition (beta diversity) analysis as described above.

3. Results

3.1. Soil Physicochemical Properties in Rice Monoculture and Rice–Fish Co-Culture Fields

The soil samples, both from the rice monoculture (MC) and the rice–fish co-culture
fields (RF), were silty clay. However, significant variances in soil physiochemical properties
were found (Table 1). Lower acidity (6.0 ± 0.2, p < 0.01), bulk density (1.4 ± 0.02 Mg m−3,
p < 0.05), ECe (0.4 ± 0.01 dS m−1, p < 0.01), available Ca (2279.0 ± 90.0 mg kg−1, p < 0.01),
available Mg (175.1 ± 3.6 mg kg−1, p < 0.01), and %Sand (10.1 ± 0.8, p < 0.01) were easily
observed in the RF field. Meanwhile, the RF soils also contained significantly higher
contents of OM fraction (3.4% ± 0.2, p < 0.01), SOC (80.9 ± 3.5 Mg C ha−1, p < 0.01), TN
(0.5% ± 0.02, p < 0.01), available P (20.0 ± 0.9 mg kg−1, p < 0.01), and %Clay content
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(46.3 ± 0.9 mg kg−1, p < 0.01). However, there was no significant difference in available K
content or %Silt content between the two sampling sites. Negative correlations between
SOC stock and %Silt content were found in MC (r = -0.887, p < 0.05). In RF, negative
correlations were found between SOC and ECe (r = –0.904, p < 0.05) as well as between
available K and %Silt content (r = –0.992, p < 0.05). Moreover, total nitrogen positively
correlated with %Sand content (r = 0.917, p < 0.05) (Table 2).

Table 1. Comparison of soil physicochemical properties of rice monoculture and rice–fish
co-culture fields.

Soil Properties Rice Monoculture
Rice–fish

Co-Culture
T Sig.

pH (1:2.5) 4.7 ± 0.3 6.0 ± 0.2 8.031 **

BD (Mg m−3) 1.4 ± 0.02 1.4 ± 0.02 −2.414 *

OM (%) 2.1 ± 0.4 3.4 ± 0.2 6.997 **

SOC (Mg C ha−1) 51.0 ± 9.2 80.9 ± 3.5 13.878 **

TN (%) 0.3 ± 0.01 0.5 ± 0.2 15.637 **

ECe (dS m−1) 1.0 ± 0.4 0.4 ± 0.01 −3.636 **

Avail. P (mg kg−1) 13.6 ± 1.9 20.0 ± 0.9 6.928 **

Avail. K (mg kg−1) 162.8 ± 6.2 170.0 ± 4.1 2.182 NS

Avail. Ca (mg kg−1) 2554.4 ± 85.2 2279.0 ± 90.0 −4.967 **

Avail. Mg (mg kg−1) 225.0 ± 5.6 175.1 ± 3.6 −16.709 **

Sand (%) 17.4 ± 0.9 10.1 ± 0.8 −14.141 **

Silt (%) 42.0 ± 1.3 43.6 ± 1.0 2.123 NS

Clay (%) 40.6 ± 0.9 46.3 ± 0.9 10.486 **

Soil texture Silty Clay Silty Clay - -
*, ** indicate statistically significant with p-value < 0.05 and < 0.01, respectively. NS: No significant, BD = bulk
density, OM = organic matter, TN = total nitrogen, ECe = electrical conductivity, CEC = cation exchange capacity,
Avail. P = available P, Avail. K = available K, Avail. Ca = available Ca, Avail. Mg = available Mg.

Table 2. Pearson’s correlation matrixes of soil properties in rice–fish co-culture (n = 5, white area)
and rice monoculture fields (n = 5, grey area).

Soil
Properties

pH BD SOC TN ECe P K Ca Mg %Sand %Silt %Clay

pH −0.718 0.391 −0.387 −0.086 −0.302 −0.613 0.275 −0.401 0.061 −0.056 0.010
BD −0.562 0.106 −0.015 −0.160 0.558 0.216 −0.662 0.204 −0.197 −0.313 0.537

SOC −0.316 −0.187 −0.787 −0.485 0.744 −0.367 −0.293 0.328 0.247 −0.887 0.796
TN −0.373 0.775 −0.454 −0.157 −0.434 0.773 −0.226 −0.516 −0.709 0.871 −0.361
ECe −0.087 0.524 −0.904 0.741 −0.565 −0.493 0.803 0.231 0.626 0.180 −0.770

P −0.101 −0.515 −0.243 −0.316 0.149 0.194 −0.549 0.587 0.121 −0.819 0.831
K 0.258 0.618 −0.266 0.512 0.307 −0.868 −0.452 −0.026 −0.543 0.377 0.056
Ca 0.700 −0.745 0.046 −0.277 −0.323 0.049 −0.120 0.292 0.733 0.128 −0.808
Mg 0.474 0.198 −0.551 0.618 0.498 −0.435 0.668 0.445 0.791 −0.681 0.069

%Sand −0.126 0.811 −0.618 0.917 0.808 −0.446 0.744 −0.333 0.691 −0.546 −0.274
%Silt −0.333 −0.559 0.341 −0.535 −0.355 0.827 −0.992 0.022 −0.756 −0.762 −0.656

%Clay 0.631 0.051 0.090 −0.090 −0.258 −0.818 0.774 0.295 0.468 0.173 −0.770

All values in bold print are significant (p < 0.05). BD = bulk density, OM = organic matter, TN = total nitrogen,
ECe = electrical conductivity, CEC = cation exchange capacity, P = available P, K = available K, Ca = available Ca,
Mg = available Mg.

3.2. General Overview of the Sequencing Analysis

A total of 337,778 high quality and abundance readings, representing 4597 OTUs, were
derived from this study. After normalization, 4582 OTUs remained. Rarefaction curves of
the detected OTUs derived from both MC and RF samples were flattened at the analysis
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sequencing depth (24,676 reads/sample), indicating that the detected OTUs were sufficient
to represent the microbial community in each sample (Figure 2).

Figure 2. Rarefaction curve of observed microbial OTUs detected in monoculture (MC) and rice–fish
(RC) fields.

3.3. Taxonomic Distribution and Differential Abundance of Soil Bacteria in Rice Monoculture and
Rice–Fish Co-Culture Fields

According to microbial analysis based on the 16s rRNA gene, microbial taxa de-
tected in this study were classified into 47 phyla, 128 classes, 235 orders, 318 families,
479 genera and 4582 OTUs. Taxonomic distribution of the abundant bacteria (total relative
abundance > 0.1%) is presented in Figure 2. The most dominant taxa across all samples be-
longed to Actinobacteria (MC = 22.78%, RF= 24.17%, on average), followed by Chloroflexi
(MC = 18.44%, RF= 17.77%), Proteobacteria (MC = 18.25%, RF= 17.28%), Acidobacteria
(MC = 11.16%, RF= 11.88%), and Planctomycetes (MC = 10.44%, RF= 8.76%) (Figure 3a).
Taxa that were significantly different between the two sites were Nitrosporae, Rokubacteria,
GAL15, and Elusimicrobia. The latter was enriched in RF, whereas the other three were
enriched in MC (Figure 3b).

The difference in the microbial community was more noticeable at a deeper taxonomic
level, as shown in Figure 4. More than 50% of all detected OTUs were found uniquely in one
of the two study sites (Figure 4a). According to the LEfSe analysis at the phylum to genus
level, a total of 135 differentially abundant taxa (p < 0.05; LDA score > 2) were detected,
111 of which were more abundant in MC than RF and 24 of which were more abundant
in RF than MC (Figure 4b, Figure S1). At the genus level, Bacillus, Anaeromyxobacter, and
HSB OF53-F07 were the predominant genera in both rice fields. The most abundant genus
in MC was Anaeromyxobacter, whereas that in RF was Bacillus (Figure 4c). Seven out of
the top 30 most prevalent genera, for example, Bradyrhizobium, Bryobacter, Conexibacter,
Nocadiodides, and Solirubrobacter, were significantly more abundant in MC than in RF
(Figure 4c). However, some low-abundance genera, such as Chlorobaculum, Niastella, and
Vicinamibacter, were more abundant in RF than in MC (Figure S1).
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Figure 3. Taxonomic distribution at phylum level. (a) The relative abundance of microbial phyla in
each sample. (b) LEfSe analysis of differential taxonomy abundance at phylum level between the
two study sites. The orange and blue horizontal bars represent the taxa enriched in monoculture and
rice–fish fields, respectively.

3.4. Richness, Diversity, Community Composition, and Their Correlation to Soil Properties

Alpha diversity, reflecting richness and diversity, was indicated by observed OTU
richness, Shannon, and Simpson indices. As shown in Figure 5, all alpha diversity indices
were slightly higher in MC than in RF, but no significant difference was found between
the two sites (p > 0.05, Figure 5a–c). On the contrary, beta diversity, presented by NMDS
ordination with Bray–Curtis distance, showed a separated community between MC and RF
(Figure 5d). This indicated that the community composition of bacteria in MC was different
from that in RF. The difference was confirmed by PERMANOVA test (F = 0.251, p = 0.008).

The correlations between soil properties and bacterial community composition are
shown in Table 3; 5 out of 12 measured parameters were significantly correlated with
bacterial community composition in both study sites. Whilst the community composition
in MC was positively correlated with Mg and sand, the same in RF was positively correlated
with pH, TN, and clay (Figure 5). Mg was the most correlated factor (r2 = 0.880), following
closely by Sand (r2 = 0.866), pH (r2 = 0.857) and TN (r2 = 0.834) (Table 3).
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Figure 4. Taxonomic differences of bacteria in monoculture and rice–fish co-culture fields. (a) The
Venn diagram shows the number of OTUs found in monoculture (red) and rice–fish (green) fields.
(b) The cladogram shows differential abundance taxa among the two rice fields. More information
on the differential taxa is provided in Supplementary Figures S1 and S2. (c) Heatmap shows the
relative abundance of the thirty most abundant microbial genera detected in each sample. The bar
plot presents the mean relative abundance of the microbial genera detected in monoculture (orange)
and rice–fish fields (green). Genus names with an asterisk are statistically different between the
two sites (p < 0.05). MC: Monoculture, RF: rice–fish.

Table 3. Pearson’s correlation between microbial community composition and soil properties.

Parameter NMDS1 NMDS2 r p-Value

pH 0.284 −0.959 0.857 0.024 *

BD −0.523 0.853 0.697 0.108

OM 0.286 −0.958 0.762 0.084

TN 0.211 −0.978 0.834 0.012 *

ECe −0.238 0.971 0.563 0.516

Avail. P 0.266 −0.964 0.662 0.240

Avail. K 0.176 −0.984 0.261 1.000

Avail. Ca −0.088 0.996 0.649 0.240

Avail. Mg −0.214 0.977 0.880 0.024 *

Sand −0.190 0.982 0.866 0.036 *

Silt 0.104 −0.995 0.460 1.000

Clay 0.220 −0.976 0.764 0.048 *
* Indicate significant parameters (p < 0.05). BD = bulk density, OM = organic matter, TN = total nitrogen,
ECe = electrical conductivity, CEC = cation exchange capacity, Avail. P = available P, Avail. K = available K, Avail.
Ca = available Ca, Avail. Mg = available M.
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Figure 5. Bacterial diversity and community composition. Bar plot shows (a) OTU richness,
(b) Shannon’s, and (c) Simpson’s indices measured in monoculture and rice–fish fields. (d) NMDS
ordination, based on the Bray–Curtis dissimilarity measure, presents the community composition of
soil microbes in the two study sites. MC: Monoculture, RF: rice–fish.

3.5. Predictive Function

Totals of 807 (17.61%) and 4532 (98.90%) OTUs were assigned to at least one function
of the 63 ecologically relevant functions and 2238 enzymes, respectively. For FAPROTAX
analysis, Cellulolysis, nitrification, ureolysis, phototrophy, nitrogen fixation, aromatic
compound degradation, and hydrocarbon degradation, were found among the top 20 most
abundant functions (Figure 6a). While the first four functional groups were more abundant
in MC, the last three groups were more abundant in RF. However, no significant change
was detected in any of those functions (p > 0.05), which is consistent with the results
from the PICRUSt analysis. Enzymes involved in soil systems, such as phosphatase, β-
glucosidase, cellulase, and urease, were presented in this study. As shown in Figure 6b, no
significant difference was found between the enzymes detected in MC and RF (p > 0.05).
The functional potential structures, created from all detected ecologically relevant functions
and enzymes, were shown in Figures 6c and 6d, respectively. Based on NMDS ordination
and PERMANOVA analysis, no significant difference was detected (p > 0.05) between the
functional structures in MC and RF.
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Figure 6. Predictive functions. Extended bar plots show mean and difference in mean proportions of
microbial function predicted by (a) FAPROTAX and (b) PICRUST2. Functions overrepresented in the
monoculture (red) have a positive difference in the proportion, whereas functions overrepresented
in the rice–fish (green) have a negative difference. NMDS ordinations based on the Bray–Curtis
dissimilarity measure show the composition of bacterial functions, predicted by (c) FAPROTAX and
(d) PICRUST2, in monoculture (red) and rice–fish field (green). MC: Monoculture, RF: rice–fish.

4. Discussion

4.1. RF Farming System Can Increase Soil Nutrients

Our results (Table 1) reveal that the rice–fish co-culture system significantly increased
SOC stock and TN similarly to other studies [41–44], which found that the rice–fish co-
culture system can potentially increase the content of organic carbon and nitrogen in the
soil through its mineralization of organic matter. This is due to the uneaten and excess feed
as well as excreta produced during fish growth increasing SOC content and TN, which is
consistent with the findings in the rice–crayfish–turtle co-culture by Li et al. [45] and rice–
crayfish farming system by Si et al. [46]. They also revealed that crayfish and turtle feeding,
molting, and excretion could increase the SOC and TN, while these aquatic animals help
increase soil permeability by penetrating the soil surface in the paddy field. The supplies
of some available elements (i.e., Ca and Mg) in the RF farming system were significantly
lower than in MC (Table 1), which were possibly shaped by its divalent charge fraction on
the ECe [47], following the lower ECe value in RF compared to MC (Table 1). The rice–fish
co-culture system, however, shows a higher content of available P (Table 1), while in rice
monoculture, it generally decreased due to the long-term cultivation. Slowly cycling P
and labile P in soil increasing with time was also previously reported in the rice-frog-fish
culture soil [48]. Higher clay content and organic matter were found in RF compared with
MC due to a higher amount of organic amendments being added. Hassink [49] reported
that clay particles could absorb organic matter and protect it from microbial decomposition.
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4.2. Microbial Diversity and Community Composition under Rice–Fish Co-Culture and
Rice Monoculture

To our knowledge, this study was among a few studies investigating the differentiation
of both community and functional potential structures of soil bacteria in rice monoculture
fields, compared with rice–fish co-culture fields. Here, we found that although the alpha
diversity of bacteria did not differ significantly between MC and RF, the community
composition did. Even though the alpha diversity indices, which present observed richness,
Shannon’s, and Simpson’s indices, differed between the two sites, the differences were
minor and did not reveal a significant difference. This result is consistent with previous
studies on other rice co-culture fields, including rice–frog (Yi et al., 2019), rice–crab [19], and
rice–fish fields [7,45]. Whilst Zhao et al. [7] reported that microbial diversity in rice–fish
co-culture fields was similar to those in monoculture rice fields in the first year of cultivation
and substantially changed after 5 years, Li et al. [45] found that it took up to 12 years to
see the differences in rice–fish–turtle fields. Here, we showed that changes were still not
found after three years of rice–fish cultivation. However, when it comes to community
composition, all studies [7,45,50], including this one, found significant differences between
co-culture and monoculture rice fields. A total of 135 differentially abundant taxa were
found in both the MC and RF sites, four of which were among the abundant phyla and
seven of which were among the top 30 most abundant genera, respectively. These results
implied that three years of rice–fish co-culture agriculture, which was implemented after
long-term monoculture rice cultivation, had a significant impact on microbial community
composition, while diversity remained unchanged.

As shown in Figure 3a, the most dominant taxa in paddy fields (both RF and MC
farming systems) belonged to Actinobacteria, Chloroflexi, Proteobacteria, Acidobacteria,
and Planctomycetes. Meanwhile, all alpha diversity indices showed no significant dif-
ference between the two sites. This is consistent with the study of Jiang et al. [19], who
found that the most abundant phyla in paddy soil and ditch sediment under the rice–
crab co-culture system were Proteobacteria, Bacteroidetes, and Chloroflexi, while alpha
diversity of bacterial diversity in paddy soil and ditch sediment was similar. The phylum
Actinobacteria, which contributes to the turnover of the complex biopolymers and plant
residue decomposition [51,52] by producing various carbon cycling enzymes [53], was the
most dominant taxa in both RF and MC sites. The phylum Chloroflexi, which involves
nitrification was the second-most dominant that was detected in RF and MC sites [54].
The phylum Proteobacteria is usually classified as “copiotrophs” (R-strategists), which
indicates that its members are more abundant and have high growth rates under nutrient-
rich conditions [55]. It plays a key role in OM decomposition, produces many types of
glycosyl hydrolases, and is involved in nitrogen fixation, which promotes plant growth [1].
The phylum Acidobacteria is involved in the carbon cycle of humus decomposition [56]
and adjusts soil pH [57]. Members of the bacterial phylum Planctomycetes can act as
slow-acting degraders of various biopolymers, cellulose, and chitin. They can degrade
exopolysaccharides produced by other bacteria [58]. García-Orenes et al. [59] reported that
some members of the phylum Planctomycete, such as Blastopirellula, are good indicators of
soil fertility because they respond to the applications of manure or fertilizers faster than
they react to soil physicochemical properties.

Nitrosporae, Rokubacteria, GAL15, and Elusimicrobia taxa were significantly different
between the RF and MC fields (Figure 3b). This result indicated that the structure of the soil
bacterial community was significantly changed after integrating fish into the paddy field.
The phylum Nitrospirae plays a crucial role of decomposing soil mineral nitrogen and
improving nutrient availability [60], and its functions can enhance crop productivity [61].
At the genus level, Bacillus, Anaeromyxobacter, and HSB OF53-F07 were found in both rice
fields. The most abundant genus in MC was Anaeromyxobacter, whereas Bacillus was the
most dominant in RF (Figure 4c). Bacillus plays multiple functions in the soil ecosystem
for nutrient cycling, which is involved in nitrogen fixation, phosphorus nutrition, and
potassium solubilization that promotes plant growth [62]. Similarly, Anaeromyxobacter can
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fix and assimilate N2 gas via its nitrogenase [63]. This is why soil nutrients (TN, Avail. P,
and Avail. K) were higher in RF than in MC soil (Table 1).

Soil physicochemical properties have a great influence on bacterial community compo-
sition [7,50,64,65]. Our findings indicated that the different soil management practices of RF
and MC farming systems cause a significant difference in soil physicochemical properties,
resulting in the different composition of soil bacterial communities and their metabolic
functions (Figure 5 and Table 3). This is in line with the study of Viruel et al. [66], who
reported that changes in SOC stock, TN, and pH cause the changes in soil bacterial commu-
nities and metabolic functions in farming systems of the semi-arid Chaco region, Argentina.
Hartmann et al. [67] found that soil pH, SOC, and TN were the main predictors of bacterial
community structure in long-term organic and conventional farming. As presented in
Figure 5 and Table 3, we found that Mg, TN, pH, and soil texture (percent of sand and
clay) were the main factors determining the community composition of bacteria in MC
and RF. TN and pH have previously been identified as the key factors that influence the
microbial community in rice co-culture fields [7,50]. While Mg was rarely measured in
earlier works, this study found that it was one of the most important elements affecting
community composition in rice fields. Hou et al. [68] found a strong effect of Mg on
bacterial nitrification, which is in line with the study of Zhang et al. [69], who reported that
the appropriate concentrations of Mg2+ could promote nitrification activity in the soil.

In addition, this study also showed the functional potential structure of the bacterial
community, based on FAPROTAX and PICRUSt2, in MC and RF (Figure 6). Interestingly,
despite differences in community composition between MC and RF, no difference in
functional potential structure was found. Furthermore, there was no difference in the
abundance of the individual function predicted by either tool. Recently, Chen et al. [70]
demonstrated on global soil metagenomic data that microbial functional structure could
remain stable while taxonomic diversity and composition changed, which is consistent
with our findings. We reveal that, whilst bacterial community composition changed during
the transition from monoculture to rice–fish co-culture, the functional structure could be
maintained, and this was the first study to report such results on monoculture and rice–fish
fields. However, it should be noted that the limitation of the prediction tools was that
only taxa or genes from the databases were functionally assigned [35–37,71]. Regardless,
using both tools to estimate the availability and abundance of genes or functions within
the community could provide more insight into information on the complex community
in soil.

5. Conclusions

This study shows that soil physicochemical properties (SOC, TN, OM, Avail. P, and clay
content) were significantly higher in RF than in MC sites. The most dominant taxa across
both paddy rice-farming systems belonged to Actinobacteria, Chloroflexi, Proteobacteria,
Acidobacteria, and Planctomycetes. The taxa Nitrosporae, Rokubacteria, GAL15, and
Elusimicrobia were significantly different between the RF and MC sites. At the genus level,
Bacillus, Anaeromyxobacter, and HSB OF53-F07 were the predominant genera in both rice
fields. The most abundant genus in MC was Anaeromyxobacter, that in RF was Bacillus. All
alpha diversity indices between the RF and MC sites were not significantly different. The
community composition in MC was positively correlated with Mg and sand, while in RF
was positively correlated with pH, TN, and clay. Nitrogen fixation, aromatic compound
degradation, and hydrocarbon degradation were more abundant in RF, while cellulolysis,
nitrification, ureolysis, and phototrophy functional groups were more abundant in MC.
The enzymes involved in paddy soil ecosystems included phosphatase, β-glucosidase,
cellulase, and urease, but no significant difference was detected between MC and RF fields.
However, more observation fields and long-term monitoring are necessary to conclusively
confirm our findings in this study.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology11081242/s1, Figure S1: LEfSE analysis from phylum to
genus level. The cladogram shows differential abundance in taxa (p > 0.05, LDA score ≥ 2) between
monoculture rice fields and rice–fish co-culture fields. Taxa in red are significantly enriched in the
monoculture, whereas taxa in green are significantly enriched in the rice–fish field. Figure S2: Bar
plot shows differential abundance taxa with effect size (LDA score). Taxa in red are significantly
enriched in the monoculture, whereas taxa in green are significantly enriched in the rice–fish field.
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Simple Summary: Deciphering the relationship between microbiome of keystone species Sphagnum
palustre and potential function in the Erxianyan peatland ecosystems is important in the context
of global peatland degradation. We evaluated the S. palustre tank microbiome and predicted the
potential ecological functions. In total, 38 phyla, 55 classes, 122 orders and 490 genera were detected.
Proteobacteria and Firmicutes are the dominant endophytes in S. palustre. Core microbiomes are
mainly found in 7 phyla, 9 classes, 15 orders, 22 families and 42 genera. Functions predictive of
microbial communities are involved in nitrogen fixation, carbon cycle, nitrate metabolism, sulfate
respiration and chitinolysis, which may enable the Sphagnum to adapt to harsh environmental
conditions. This study provides new insights into the relationship between Sphagnum-associated
microbiomes and their potential ecological functions in subalpine peatlands.

Abstract: Sphagnum is a fundamental ecosystem of engineers, including more than 300 species around
the world. These species host diverse microbes, either endosymbiotic or ectosymbiotic, and are key
to carbon sequestration in peatland ecosystems. However, the linkages between different types
of Sphagnum and the diversity and ecological functions of Sphagnum-associated microbiomes are
poorly known, and so are their joint responses to ecological functions. Here, we systematically
investigated endophytes in Sphagnum palustre via next-generation sequencing (NGS) techniques in
the Erxianyan peatland, central China. The total bacterial microbiome was classified into 38 phyla
and 55 classes, 122 orders and 490 genera. The top 8 phyla of Proteobacteria (33.69%), Firmicutes
(11.94%), Bacteroidetes (9.42%), Actinobacteria (6.53%), Planctomycetes (6.37%), Gemmatimonadetes
(3.05%), Acidobacteria (5.59%) and Cyanobacteria (1.71%) occupied 78.31% of total OTUs. The core
microbiome of S. palustre was mainly distributed mainly in 7 phyla, 9 classes, 15 orders, 22 families
and 43 known genera. There were many differences in core microbiomes compared to those in
the common higher plants. We further demonstrate that the abundant functional groups have
a substantial potential for nitrogen fixation, carbon cycle, nitrate metabolism, sulfate respiration
and chitinolysis. These results indicate that potential ecological function of Sphagnum palustre in
peatlands is partially rooted in its microbiomes, and that incorporating into functional groups of
Sphagnum-associated microbiomes can promote mechanistic understanding of Sphagnum ecology in
subalpine peatlands.

Keywords: Erxianyan peatland; Sphagnum palustre; core microbiome; function prediction

1. Introduction

Peatlands play a crucial role in the global carbon cycle. Sphagnum mosses are considered
to be engineers and contribute to the carbon sequestration in acidic, cold and water-
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saturated peatland ecosystems [1,2]. The genus Sphagnum includes 250–450 species around
the world, covering about 4 × 106 km2 of peatlands, making it the largest terrestrial carbon
reservoir [3–5]. As a fundamental member of peatland ecosystems, Sphagnum mosses
hosts diverse bacterial communities, either endosymbiotic or ectosymbiotic, and therefore,
studying them should yield insights into Sphagnum biology and the function performed
by microbials in peatland ecosystems [1]. Within those Sphagnum-associated bacterial
communities, some functional groups have begun to be revealed in N2 fixation, disease
suppression, promote growth [6–8] of Sphagnum mosses and elemental cycling [9,10]
in peatland ecosystems. In addition, the Sphagnum microbial biomass and microbial
community are impacted by elevated temperatures and respond rapidly to temperature
alterations [8,11,12]. Generally, Sphagnum-associated microbiomes differ from those of
common plants due to the inhospitable acidic environments. Many microbes living in
plants can endow hosts with the ability to adapt to extreme conditions, degrade organic
pollutants [13], and improve plant growth [14], but little is known about the endosymbiotic
nature of Sphagnum individuals [15–17]. Endophytes are microorganisms that inhabit
the internal tissues of plants and have potentially biofunctional interactions with plants.
Although sphagnum endophytes have been reported continuously in recent years [18,19],
they are still relatively unknown compared with the more than 300 other species around
the world.

With the increase in sequencing depth afforded by next-generation sequencing (NGS),
studies began focusing on identifying the “core microbiome”. The term “core microbiome”
is used to describe the shared microbes common among the microbial communities [20–22].
Some core microbiomes are not only common to plant species or habitats [23], but also as im-
portant components to perform basic functions [24]. Although studies on core microbiomes
are focusing on the key species within human, plant, lake, soil, and wastewater treatment
systems [25–28], there is still a need to bridge the gap between Sphagnum-associated micro-
biomes and Sphagnum individuals in parallel with next-generation sequencing (NGS) [29].

Erxianyan, a typical subalpine peatland, is located in western China. So far, Sphagnum-
palustre-associated microorganisms in Erxianyan have been demonstrated only for the
diversity and ecology of testate amoebas [30]. In contrast, the endophytes of S. palustre in
the Erxianyan peatland have yet to be characterized. This substantially limits knowledge
acquisition of Sphagnum-associated microbiomes in situ as well as further exploration
of the potential ecological functions. Thus, the Sphagnum-associated microbiomes and
their function still remain to be elucidated. Therefore, the objectives of this work were to
(1) investigate the diversity and ecology of S.-palustre-associated microbiomes in the Erxi-
anyan peatland, central China, (2) determine the S.-palustre-associated core microbiomes,
and (3) predict its potential ecological functions in subalpine peatlands.

2. Materials and Methods

2.1. Study Site Description and Sphagnum Collection

Erxianyan, a subalpine peatland, is located in the Middle Yangtze Reach, western
Hubei Province, China (Figure 1a,b). This region is strongly influenced by the East Asian
summer monsoon [30,31]. The Erxianyan peatland is considered to comprise ombrotrophic
bogs, which receive most of their nutrients and water from precipitation. Sphagnum palustre
is the dominant vegetation in the Erxianyan peatland based on field investigation combined
with laboratory evaluation [32], while other plants include Malus hupehensis (Pamp.) Rehd,
Calamagrostis epigeios (Linn.) Roth, Carex sp., Echinochloa crusgalli (L.) Beauv, Hosta ventricosa
(Salisb) Stearm and Reynoutria japonica Houtt [30].
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Figure 1. Location of study area (a) and sampling site (b) in the Erxianyan peatland, central China.

The S. palustre was collected aseptically at five sampling sites (200 m intervals). We
collected 6 mixed samples (100 m apart) at each sampling site with sterile tubes (Corning)
using the five-point sampling method. Altogether, 30 samples from five sites were collected
and named as group A (E0W), group B (E2W), group C (E4W), group D (E10W) and
group E (E18W). Temperature (22.1–28.4 ◦C), water pH (5.3–6.6), dissolved oxygen (0.22 to
0.45 mg/L), electric conductivity (13.2 to 44.1 μS/cm) and oxidation reduction potential
(103.7 to 152.2 mV) were measured directly in the field using a multi-parameter water
quality detector (HACH, Loveland, CO, USA). When the pore water was still, water table
level (−11 to 0 cm) was measured. After being transported to the microbiology lab on ice
within 24 h, the matrix was first cleaned by rinsing several times in sterile distilled water
to remove the matrix and then washed 3 times for 5 min each time with sterile distilled
water. Subsequently, samples were placed into 75% ethanol for 3 min, followed by washing
5 times with sterile distilled water. To ensure that the downstream experiments were
all endophytes, the final sterile water was inoculated on the R2A to determine whether
disinfection was complete. The residual water was finally absorbed by the sterilized filter
paper, and the treated samples were stored at −80 ◦C in sterile plastic centrifuge tubes
(Corning) until DNA extraction.

2.2. Genomic DNA Extraction and High-Throughput Sequencing

Total nucleic acids were extracted from 1 g of freeze-dried mixed samples using the
PowerSoil DNA Kit (MoBio Laboratories, Inc., Carlsbad, CA, USA). Nucleic acids were
eluted with 60 μL buffer and quantified with Nanodrop 2000 (Thermo Fisher Scientific,
Waltham, MA, USA). Diluted DNA (1 ng/μL) was used as PCR templates and RNAase-
free water as negative controls. To access the bacterial communities, three sets of index
primers were used to amplify the V4 (515F–806R) region of the 16S rRNA gene of each
sample [33]. PCR reactions contained a total volume of 50 μL, including 25 μL Premix
Taq (Takara Biotechnology, Dalian Co., Ltd., Dalian, China), 1 μL of each primer (10 mM)
and 3 μL DNA (20 ng/μL) template and 20 μL RNAase-free water. The PCR conditions
were as follows: 95 ◦C for 3 min and 27 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s and 72 ◦C
for 45 s, with a final extension of 72 ◦C for 10 min. Products were purified and quantified
with a Quit 2.0 fluorometer (Invitrogen, Carlsbad, CA, USA). Libraries of samples were
generated using Ion Plus Fragment Library Kit 48 rxns (Thermo Fisher Scientific, Shanghai
Co., Ltd., Shanghai, China) and assessed on the Qubit@ 2.0 Fluorometer (Invitrogen,
Carlsbad, CA, USA) and Agilent Bioanalyzer 2100 system. Sequencing was then performed
commercially on the IonS5TMXL sequencing platform at the Novogene Bioinformatics
Technology (Beijing, China).
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2.3. Bioinformatics Analysis

Briefly, the low-quality parts of reads were discarded by Cutadapt (V1.9.1, http:
//cutadapt.readthedocs.io/en/stable/, accessed on 5 March 2022) [34]. Raw reads were
quality-filtered and de-multiplexed. Chimeric sequences were removed by VSEARCH [35].
Operational taxonomic units (OTUs) were assigned using UPARSE (version 7.1 http:
//drive5.com/uparse/, accessed on 5 March 2022) with a 97% cut-off [36]. The high-
quality sequences were aligned against the SILVA database (http://www.arb-silva.de/,
accessed on 13 September 2021) [36,37] for taxonomic classification. Diversity indices,
such as Observed-species, Chao1, ACE, Shannon, Simpson and Good’s coverage, were
calculated with rarefied data using QIIME (Version 1.7.0). Species accumulation curves
were created using R software. Differences in alpha diversity for all pairwise differences
between means were compared via Tukey’s and Wilcox tests. Dissimilarity comparisons in
each two sampling sites were further examined under significant values (α = 0.05) using
PERMANOVA based on Bray-Curtis dissimilarities, and the p-value was adjusted via the
Benjamini method. Differences in alpha diversity were tested with one-way analysis of
variance (ANOVA) in SPSS 18. Community composition was performed via PCoA (princi-
pal co-ordinates analysis) in R software (Version 2.15.3). The distinctiveness of microbiomes
in different sites was analyzed using the linear discriminant analysis effect size (LEfSe)
method. The taxon with significant differences between groups and significance of the
detected variations were analyzed via t-test (p-value).

The composition of the core microbiome (the OTUs observed in most (≥90%) of the
samples) was calculated to present the diversity of the bacterial community at a more
refined taxonomic level. We submitted the OTU biome file to MetaCoMET (the Metage-
nomics Core Microbiome Exploration Tool) for discovery and visualization of the core
microbiomes [38]. A significance test was performed using ANOVA, and a p value < 0.05
was considered statistically significant. In addition, FAPROTAX was constructed for func-
tional annotation of microbiomes.

All the sequencing data were deposited in the National Omics Data Encyclopedia
(NODE) under the project accession OEP001043 (https://www.biosino.org/node/project/
detail/OEP001043, submitted on 3 July 2020).

3. Results

3.1. Community Composition and Biodiversity Assessment

A total of 30 S. palustre samples in the Erxianyan peatland were sequenced using
the IonS5TMXL platform, resulting in 984 Mb reads and 2,186,399 sequences. Of those,
2,110,195 (96%) high-quality chimera-free clean data passed the stringent quality control
(Phred quality scores 20: 96.5% on average) and fell into 1,851,366 taxa tags (61,712 on
average) and 3969 OTUs (Table 1). The mean OTUs ranged from 499 to 2152, with a 3%
cutoff. A total of 3969 OTUs were annotated based on ≥97% nucleotide sequence identity
between sequences, including 38 phyla, 55 classes, 122 orders and 490 genera. Only 0.05%
of sequences belong to an unclassified group. Species accumulation curves were generated
for each sample to assess whether the sample size provided sufficient OTU coverage of the
Sphagnum-associated microbiomes (Figure 2). The species accumulation curves showed
that the libraries could reflect the main bacterial information in each sample (Figure 2).
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Table 1. The sequencing results of microbiomes in S. palustre in the Erxianyan peatland. Diversity
indices and richness metrics are also presented.

Sample
Total
Tags

Taxon
Tags

OTUs
Observed

Species
Shannon Simpson Chao1 ACE

Goods
Coverage

(%)

E0W01 70,028 64,973 1015 809 3.34 0.77 994.25 1000.77 99.60
E0W03 70,144 65,305 499 386 2.76 0.77 503.61 549.77 99.70
E0W1A 70,260 64,355 753 615 3.93 0.82 726.78 769.59 99.70
E0W3A 70,137 65,126 735 597 4.91 0.92 697.72 717.74 99.70
E0W1B 75,644 71,054 926 770 2.78 0.57 917.00 998.60 99.60
E0W3B 70,168 65,832 1466 1261 4.16 0.76 1415.29 1460.88 99.50
E2W01 70,086 58,693 2152 2028 9.19 1.00 2092.96 2108.92 99.70
E2W03 70,098 59,469 1109 914 4.25 0.82 1059.44 1106.76 99.60
E2W1A 70,197 66,422 615 497 2.40 0.57 613.04 653.66 99.70
E2W3A 70,736 66,471 779 624 2.95 0.69 768.01 782.86 99.70
E2W1B 62,775 55,600 1770 1610 5.59 0.91 1644.79 1703.36 99.70
E2W3B 68,365 63,327 748 601 4.42 0.91 722.26 753.98 99.70
E4W01 70,121 65,995 857 681 2.54 0.64 852.01 893.87 99.60
E4W03 70,039 64,692 911 762 5.00 0.91 907.76 955.94 99.60
E4W1A 70,135 30,225 1021 854 4.23 0.81 975.72 1015.33 99.60
E4W3A 75,810 38,562 775 644 4.11 0.86 791.02 831.05 99.70
E4W1B 70,114 32,545 927 773 4.25 0.81 920.86 952.33 99.60
E4W3B 70,141 65,377 714 576 3.22 0.77 728.80 754.16 99.70
E10W01 70,168 63,701 1995 1809 7.77 0.99 1996.37 2004.69 99.40
E10W03 70,113 66,461 1030 852 2.98 0.57 1007.37 1035.15 99.60
E10W1A 70,138 64,424 1057 901 6.40 0.98 1049.68 1081.34 99.60
E10W3A 70,131 64,665 1072 927 6.38 0.96 1046.72 1068.99 99.70
E10W1B 73,679 69,889 851 701 4.55 0.84 805.33 851.42 99.70
E10W3B 70,130 64,983 1136 1004 6.61 0.97 1157.46 1166.40 99.60
E18W01 70,162 65,309 1349 1169 5.74 0.91 1323.50 1367.93 99.50
E18W03 70,195 65,172 1833 1633 6.20 0.92 1804.13 1840.30 99.40
E18W1A 70,053 65,817 940 795 5.13 0.86 952.96 984.06 99.60
E18W3A 70,081 65,481 1114 921 5.31 0.92 1116.03 1167.87 99.50
E18W1B 70,213 64,520 1413 1227 7.00 0.97 1397.65 1435.94 99.50
E18W3B 70,134 66,921 704 602 5.09 0.89 714.13 735.06 99.70

Total 2,110,195 1,851,366 32,266 27,543
Mean 70,340 61,712 1076 918 4.77 0.84 1056.75 1091.62 99.62

 

Figure 2. Species accumulation boxplot for sequencing samples of S. palustre in the Erxianyan
peatland.
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Of 38 detected phyla, Acidobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria,
Firmicutes, Proteobacteria and Gemmatimonadetes were distributed as common phyla
in all samples. Further analysis indicated that Proteobacteria was the dominant phylum,
accounting for 48.26 and 33.69% of total reads and OTUs. It was subdivided into three
classes: gamma, alpha and delta. The top 8 phyla (the relative abundance > 1%) occupied
78.31% of the total OTUs, including Proteobacteria (33.69%, 1337 OTUs), Firmicutes (11.94%,
474 OTUs), Bacteroidetes (9.42%, 374 OTUs), Actinobacteria (6.53%, 259 OTUs), Plancto-
mycetes (6.37%, 253 OTUs), Gemmatimonadetes (3.05%, 121 OTUs), Acidobacteria (5.59%,
222 OTUs) and Cyanobacteria (1.71%, 68 OTUs) (Figure 3). The remaining 30 bacterial taxa
were rare and only accounted for 1.28% and 21.69% of the relative abundance and OTUs,
respectively.

 

Figure 3. The relative abundance of top 10 phyla of endophytes detected from S. palustre in the
Erxianyan peatland.

At the order level, a total of 122 orders were obtained from the Erxianyan peat-
land. The top 12 orders (the relative abundance > 1%) include 9 known orders and
3 unidentified groups. Of those, the relative abundance of unidentified_Cyanobacteria
(27.16%) was the dominant group, followed by unidentified gamma Proteobacteria (18.19%),
Xanthomonadales (12.71%), unidentified alpha Proteobacteria (12.17%), Lactobacillales
(4.43%), Clostridiales (3.34%), Caulobacterales (3.00%), Acidobacteriales (2.85%), Rhizo-
biales (2.51%), Rickettsiales (2.24%), Sphingomonadales (1.66%) and Enterobacteriales
(1.10%). The top 12 orders covered nearly 77.78% and 31.49% of total reads and OTUs,
respectively. The remaining 106 bacterial taxa were rare (the relative abundance < 1%), and
the relative abundance only accounted for 8.60%.

Microbiomes were highly diverse in S. palustre, as indicated by alpha diversity. The
dominant phylotypes were fully captured by high-throughput sequencing, as evidenced
by a high Good’s coverage (from 99.40% to 99.70%, 99.62% on average, Table 1) (n = 30)
and plateaued species accumulation curves (Figure 2). No significant difference was
observed for the Chao1 (503.61 to 2092.96, Mean = 1056.75) and ACE (549.77 to 2108.92,
Mean = 1091.62) indices. Shannon’s index ranged from 2.40 to 9.19 (4.77 on average) among
30 samples (Table 1). Community diversity had a significant difference across sampling
sites, especially in Shannon’s index for the A and D (Wilcox test, p = 0.0049), A and E
(Wilcox test, p = 0.0027) and C and E groups (Wilcox test, p = 0.0043). The Simpson index,
however, had a significant difference only in the A and D (Wilcox test, p = 0.0206) and A and
E groups (Wilcox test, p = 0.0183). Alpha diversity had a significant difference between the
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B and E groups (ANOVA, p = 0.004). The microbiome between two sites had a significant
difference, e.g., the A and E (PERMANOVA, p = 0.03, Fvalue = 5.77) groups and C and E
(PERMANOVA, p = 0.03, Fvalue = 13.49) groups. PCoA based on the weighted-UniFrac
distance explained 39.82% of the variation through Axis 1 and 25.21% through Axis 2
(Figure 4).

 

Figure 4. PCoA (weighted−UniFrac distance) of S. palustre endophytes in the Erxianyan peatland.

The application of LEfSe analysis can help to find indicator groups in various sites. In
total, 30 indicator groups were distinguished from the 5 sampling sites and were mainly
associated with four classes of gamma Protobacteria, alpha Protobacteria, Bacteroidia
and Acidobacteriia. Group E identified 15 indicator groups, such as genera of Acidisoma,
Mucllaglnibacter, Bacteroidia, Granulicella, Rhodanobacter, Acidocella and the family of Ace-
tobacteraceae and Sphingobacteriaceae. Conversely, only seven indicator groups were
detected in group B, including Bacilli, Lactobacillales, Enterobacteriales Enterobacteriaceae,
Lactobacillaceae, Lactobacillus and Cupriavidus. Gamma Protobacteria (t-test, p = 0.012)
and alpha Protobacteria (t-test, p = 0.004) had a relatively high abundance in group E,
while Bacteroidia (t-test, p = 0.003) and Acidobacteriia (t-test, p = 0.03) had a relatively high
abundance in group D.

3.2. The S.-palustre-Associated Core Microbiome

Microbiomes of S. palustre in the Erxianyan peatland are highly diverse, with 491 genera
in total. We further selected core OTUs (OTU shared by most (≥90%) sample individuals) to
present the bacterial community diversity at a more refined taxonomic level, such as known
genus. In all, 183 core OTUs were selected and comprised up to 71.85% and 4.95% of total
reads and OTUs, respectively. We found that the core microbiome was mainly distributed
in 7 phyla, 9 classes, 15 orders, 22 families and 42 genera. Of them, 43 core known genera
of 183 core OTUs were examined (Online Resource, Table S1). These core known genera,
which in total accounted for 0.01–8.53% of total reads of core OTUs, showed clear dominant
core known genera mainly in three phyla: Proteobacteria (24.98%, 50 OTUs), Firmicutes
(4.54%, 11 OTUs) and Acidobacteria (1.59%, 4 OTUs). Proteobacteria was by far the most
common and comprised up to 24.98% of the core bacterial microbiome in S. palustre at
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the phylum level (Figure 3). At the genus level (Online Resource, Table S1), the seven
high-abundance genera (relative abundance >1%, bold in Online Resource, Table S1) of
Stenotrophomonas (8.53%), Dyella (3.86%), Lactobacillus (3.39%), Acidocella (3.18%), Acidisoma
(2.18%), Granulicella (1.42%) and Rhodanobacter (1.38%) and the six medium-abundance
genera (relative abundance > 0.5%, bold in Online Resource, Table S1) of Lactococcus,
Sphingomonas, Acidisphaera, Roseiarcus, Serratia and Pseudomonas encompassed nearly 27.52%
and 19.13% of total reads and OTUs of 183 core OTUs, respectively, and relative abundances
varied from 0.54% to 8.53%. The remaining genera were rare (relative abundance < 0.5%)
and mainly distributed across seven phyla (Online Resource, Table S1).

In addition, we used the persistence method to identify the OTUs present in 30 samples
and determine the core microbiome of S. palustre on the MetaCoMET platform. In all, 989
shared OTUs and unique OTUs for five sample groups were statistically shown in the Venn
graph (Figure 5a). Unique or shared OTUs for each group are displayed in Figure 5b. Of
them, 75 OTUs exhibited statistically significant differences between OTU abundance in
different sample groups (ANOVA, p < 0.05); the hierarchical taxa are displayed in Figure 6.
Of them, 13 known genera, i.e., Acidipila, Acidisoma, Acidisphaera, Acidocella, Conexibacter,
Granulicella, Methylocella, Mucilaginibacter, Novosphingobium, Phenylobacterium, Rhodanobacter,
Roseiarcus and Singulisphaera, showed statistically significant differences in different sample
groups (ANOVA, p < 0.05), many of which were consistent with the known genus of 90%
of the samples (Figure 6, Online Resource, Table S1). Notably, we found that 10 genera
of Acidicapsa, Alistipes, Aquisphaera, Arenimonas, Bryobacter, Gemmata, Inquilinus, Ralstonia,
Rhodovastum and Terriglobus still showed statistically significant differences for groups
(ANOVA, p < 0.05), but they were not present in each individual sample.

Figure 5. Venn diagram analysis of the total number of common and distinct OTUs (a) and sequences
(b) for S. palustre endophytes in the Erxianyan peatland.
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Figure 6. Taxonomic compositions of 75 OTUs at different phylogenetic levels using MetaCoMET.
Circles go from inside to outside, indicating different taxa (kingdom to genus). The percentage
represents the relative abundance of OTUs.

3.3. Functional Prediction of Microbial Communities

Functional annotation of S.-palustre-associated microbiomes revealed a rich repertoire
of ecological function groups. A hierarchically clustered heatmap of the top 25 bacterial
ecological functional groups was established (Figure 7a,b). The refined taxa of microbial
groups and their potential functions are shown in an online resource, Table S2. Pho-
totrophy, photoautotrophy, nitrogen fixation, nitrogen respiration, nitrification, nitrite
respiration, nitrite ammonification, aerobic nitrite oxidation, nitrate reduction, nitrate respi-
ration, fermentation, aerobic chemoheterotrophy, chemoheterotrophy, sulfate respiration,
respiration of sulfur compounds and chitinolysis were generally abundant, indicating
that both heterotrophs and autotrophs are important members of the S. palustre micro-
bial communities (Figure 7a,b). We note that the predominant ecological function groups
were aerobic chemoautotrophs and chemoheterotrophs, indicating that the oxidation of
organic compounds is the main source of carbon and energy. In our study, we detected
13 ecological function groups related to the C cycles, including chemoheterotrophy, aerobic
chemoheterotrophy, phototrophy, photoautotrophy, photoheterotrophy, cellulolysis, aro-
matic compound degradation, oxygenic photoautotrophy, methylotrophy, methanotrophy,
methanol oxidation, hydrocarbon degradation and aromatic hydrocarbon degradation
(Online Resource, Table S2).
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Moreover, we note that the microbiomes of some samples were potentially involved
in aerobic ammonia oxidation, denitrification and respiration of nitrogen compounds,
including all nitrogen cycling steps, such as nitrification, denitrification, aerobic ammonia
oxidation, nitrate reduction, nitrate respiration, nitrogen fixation, nitrogen respiration, aer-
obic nitrite oxidation, nitrite respiration, nitrous oxide denitrification, nitrate denitrification
and nitrite denitrification (Figure 7a,b; Online Resource, Table S2). We also detected the
functional group of nitrate denitrification and nitrite denitrification in 93% of the samples,
which is the main step of the nitrogen loss pathway. Further, microbial communities in 93%
of the samples also contained ureolysis, an ammonia-producing precursor to nitrification.

 

Figure 7. Clustering of functional prediction based on samples (a) and sample groups (b) for
microbiomes of S. palustre based on the FAPROTAX database.

4. Discussion

4.1. Proteobacteria Dominant in S.-palustre-Associated Microbiomes

Bacterial communities play an important role in peatland ecosystems, and therefore,
studying their dominant phyla should yield an in-depth understanding of their key roles.
In our study, 491 genera, 122 orders and 55 classes were detected in 38 phyla. Of them,
Proteobacteria dominated in S.-palustre-associated microbiomes, which corroborates prior
works on the Sphagnum in other peatlands [18,39,40]. Recently, studies have implicated
Proteobacteria populations as the dominant microbial taxa in peatlands [41] and found
that they are inextricably linked to higher carbon availability in acidic environments [42].
Some of them have growth-promoting functions for Sphagnum and deeply affected the
ecological function of peatland ecosystems [10]. The high abundance of Proteobacteria
in S.-palustre-associated microorganisms could play a key role in the carbon cycle in the
Erxianyan peatland.

In our survey, only three classes of Proteobacteria were detected in all samples, namely
alpha, gamma and delta Proteobacteria, which accounted for 11.41%, 13.73% and 7.23%
of total OTUs, respectively. Sphagnum-palustre-associated gamma Proteobacteria was
dominant in Erxianyan. This result represents a significant difference from previous
reports [19,43], which showed a predominance of alpha Proteobacteria in the Dajiuhu
peatland. It has been demonstrated that gammaProteobacteria is ecologically diverse and
richer in genera than all bacterial phyla except Firmicutes. This result is further echoed by
our dataset of 205 known genera which belong to the class of gamma Proteobacteria, except
for the unclassified groups. To note, the high relative abundance of alpha and gamma
Proteobacteria in Erxianyan is consistent with that in tropical peatlands [44]. This result
indicates that these populations may be specialized for subtropical and tropical peatlands.
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4.2. The S.-palustre-Associated Core Microbiome

The core microbiome varies greatly in different niches but generally maintains the
biodiversity and stability of ecosystems [22,27,45,46]. It has been demonstrated that the
core microbiome does not only enhance resistance against environmental stress [47] and
produce flavors for vinegar [38,48] but also produces a secondary metabolite [27,28]. In
this study, the core microbiome was detected in more than 90% of S. palustre samples,
including 43 known genera in 7 phyla. However, of the known genera in our dataset,
Pseudomonadales mainly comprise Roseiarcus, Acidocella, Serratia, Pseudomonas and Dyella,
and they seem to play a potential role in the degradation of aromatic compounds. As
indicator groups for S. palustre, Serratia and Pseudomona were also detected in the Dajiuhu
peatland [49]. Moreover, Stenotrophomonas, which had the highest relative abundance
within the known genera, is prone to reduction of nitrate.

In addition to those listed above, 30 more known genera were shared by more than 90%
of the samples, with a relative abundance that ranged from 0.01% to 0.45%. Singulisphaera
is an aquatic bacterium that often inhabits fresh water and acidic Sphagnum-dominated
wetlands [50], and it is still being examined in this study. Lactobacillus, Lactococcus, Entero-
coccus, Bacillus, Sporosarcina and Butyrivibrio were found in more than 90% of the samples;
however, they are rarely detected in higher plants [51] (Alica et al., 2019). Therefore, there
were many differences in the Sphagnum-associated core microbiome compared to those in
the common higher plants.

Notably, the phylum Gemmatimonadetes was detected in all samples, although it
was not listed in core microbiomes due to the lack of an identified genus at a more refined
taxonomic level. Previous studies have also shown that this group is usually found in
grassland soils, prairie soils and sediment environments [52–54] (Ma et al., 2018; Peng
et al., 2017; Zinke et al., 2018). Its long-term evolution has made S. palustre an ideal host
for Gemmatimonadetes [55]. Therefore, the possible functions of Gemmatimonadetes in
S. palustre are still not clear and worth further study.

4.3. Methodological Limitations and Future Aspects

The Sphagnum-associated microbiome and its interactions provide an important ref-
erence for understanding the potential ecological functions of microbiomes in peatlands.
Nevertheless, our results may be influenced by multiple factors, such as soil pH, organic
matter, water table, climate and human practices. To uncover the relationship between
microbes and Sphagnum, comprehensive environmental factors, more detailed monitoring
of various parameters and the accumulation of annual data should be considered in the near
future [2,40,49]. However, it should be noted that although the prediction tool FAPROTAX
can be used for a fast-functional screening of 16S derived microbiome data from S. palustre
(Figure 7), the actual ecological function in the Erxianyan peatland still needs to be verified
after screening assays. Further isolation and identification of more potentially biofunctional
endophytes in S. palustre will still be needed [18]. In addition, it is worthwhile to determine
the ecological framework of microbiome, mycobiome and archaea in the future.

5. Conclusions

Microbial communities play a crucial role in peatland ecosystems. We detected the
S.-palustre-associated core microbiomes in the Erxianyan peatland, which were mainly
distributed across 7 phyla, 9 classes, 15 orders, 22 families and 42 genera. We analyzed the
potential ecological functions that might enable the hosts to adapt to harsh environmental
conditions. We found some common or unique taxa of S.-palustre-associated microbiomes
in different groups. The potentially biofunctional endophytes in S. palustre are involved in
nitrogen fixation, carbon cycling, nitrate metabolism, sulfate respiration and chitinolysis,
which may enable Sphagnum to adapt to harsh environmental conditions. Although the
predominant phylum is the same as others reported, there are still some subdominant
groups that differ from those in other subalpine peatlands. Moreover, some groups were
unique to Sphagnum individuals compared to those in the common higher plants. Certainly,
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further studies on the interaction mechanism between more Sphagnum genotype individuals
and microbes are required, and the potential ecological functions in the hosts still need to
be determined.
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Simple Summary: The Yunnan snub-nosed monkey is one of the most endangered species on
the IUCN Red List. The study of its population and habitat quality is important in identifying
opportunities for balancing socio-economic development against species conservation in the area’s
villages. Such balances are important to protecting and improving habitat diversity and biodiversity.
Our habitat quality analysis indicates that increases in socio-economic developments in the villages
around the habitat area have decreased both the habitat area and the habitat quality over time. This
has resulted in a decline in biodiversity persistence, resilience, and breadth. It also has exacerbated
the risk of declining species populations, potentially to extinction. Though focused on the Yunnan
snub-nosed monkey, our approach toward the assessment of habitat quality based on species habitat
suitability introduces a new perspective for assessing village development impacts on the habitat
quality for the conservation of other species.

Abstract: The habitats of the already endangered Yunnan snub-nosed monkey (Rhinopithecus bieti)
are degrading as village economies develop in and around these habitat areas, increasing the depop-
ulation and biodiversity risk of the monkey. The paper aims to show the areas of these monkeys’
high-quality habitats that are at highest risk of degradation by continued village development and
hence be the focus of conservation efforts. Our analysis leveraged multiple tools, including primary
component analysis, the InVEST Habitat-Quality model, and GIS spatial analysis. We enhanced our
analysis by looking at habitat quality as it relates to the habitat suitability for the monkey specifically,
instead of general habitat quality. We also focused on the impact of the smallest administrative scale
in China—the village. These foci produced a clearer picture of the monkeys’ and villages’ situations,
allowing for more targeted discussions on win–win solutions for both the monkeys and the village
inhabitants. The results show that the northern habitat for the monkey is currently higher quality
than the southern habitat, and correspondingly, the village development in the north is lower than
in the south. Hence, we recommend conservation efforts be focused on the northern areas, though
we also encourage the southern habitats to be protected from further degradation lest they degrade
beyond the point of supporting any monkeys. We encourage developing a strategy that balances
ecological protection and economic development in the northern region, a long-term plan for the
southern region to reduce human disturbance, increase effective habitat restoration, and improve
corridor design.

Keywords: snub-nosed monkey; village development; habitat quality; InVEST model; conservation
policies; species conservation
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1. Introduction

Northwestern Yunnan, with its rich natural resources, is among the most biodiverse
areas in China. It is home to one of the most endangered species on Earth—the Yunnan
snub-nosed monkey [1,2]. Yunnan snub-nosed monkeys are scattered in the Three Parallel
Rivers region in China, spending most of their time in the dense fir-dominated coniferous
forests and mixed coniferous forests [1,2]. They remain on high alert for approaching
humans, moving quickly to avoid them [3–5]. This makes conducting accurate surveys
difficult. In 2016, 15 isolated groups totaling approximately 3000 individuals were surveyed
by tracking and photographing the monkeys and recording GPS information of the tracking
route [6].

The continuing development of villages around the monkey habitat, as well as other
factors, have led to overlap between the villages and the monkey habitats [7,8]. Human
activities in these overlapping villages, such as deforestation and land cultivation for
agriculture to develop their economies, have impacted the monkey habitat. Increase in the
monkey population is limited by the loss, degradation, and fragmentation of its habitat,
and risk of decline in the monkey population is increased [3–5].

The plight of the endangered Yunnan snub-nosed monkey highlights the impact of
the imbalance of socio-economic development versus ecological development in villages,
with the socio-economic development currently winning out [3,5]. Studying this monkey’s
habitat quality and population is an important foundation for balancing human economic
development and species conservation in villages. This balance is an important way to
protect an area’s habitat diversity and biodiversity [9,10].

Village development has increased human deforestation and use of land areas, in-
cluding cultivating the land for agriculture and grazing, expanding urban boundaries,
and introducing non-native invasive species [11–13]. Such activities led to the decline of
habitat quality, the increase of habitat fragmentation, and even the outright loss of wildlife
habitats [14], which, in turn, leads to reduced or lost regional biodiversity and the threat of
wildlife depopulation [12,14–16]. Therefore, by promoting the coordinated development of
socio-economic and habitat quality in villages, habitat quality will be improved, and the
durability and stability of ecosystems will be maintained, thus protecting habitat diversity
and biodiversity [17,18].

Being able to model habitat quality in an area effectively is critical as habitat quality—
the ability of an ecosystem to provide for the survival, reproduction, and development of
organisms—reflects biodiversity [19,20]. Habitat quality depends on the proximity of the
habitat area to human-developed land and on the intensity of human land use, among
other factors. Increases in intensity of human land use have been shown to degrade the
quality of nearby natural habitats [12,21]. There has been significant research on the use of
the InVEST (Integrated Valuation of Ecosystem Servicer and Trades) Habitat Quality model
in assessing biodiversity and in developing conservation measures [22,23].

The InVEST-Habitat Quality model is based on habitat suitability, combined with land
cover and biodiversity threat factors, to evaluate habitat quality [20,24]. For example, the
InVEST model has been used for habitat quality studies assessing the spatial vulnerability
of natural habitats in Chaharmahal and Bakhtriari provinces [25], of bird communities in
Central Italy [26], of bird species in Keoladeo National Park [27], and of the wildlife habitat
quality in the Greater Serengeti Ecosystem [28]. This model can also describe different
threat factors of biodiversity, such as climate change, population density, road density,
land use intensity, urbanization (village development and village agglomeration), and
changes in landscape patterns [29,30]. This model allows comparison of spatial patterns of
biodiversity and ecosystem services, prioritizing species populations for conservation by
evaluating multiple land-use change scenarios to find scenarios that best take advantage of
the conservation of nature reserves while benefiting human economic development [31].

Using the socio-economic data of 2572 villages and 344 sample plots in northwestern
Yunnan, we used principal component analysis of GIS spatial analysis and the InVEST
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Habitat-Quality model to study the influence of village development on the habitat quality
of Yunnan snub-nosed monkey distribution area in 2018, exploring these three challenges:

(1) Analyze and categorize the development status of villages;
(2) Analyze the spatial distribution of habitat quality in Yunnan snub-nosed monkey

distribution area;
(3) With the results of those analyses, determine the impact of village development on

the habitat quality of the Yunnan snub-nosed monkey population.

2. Materials and Methods

2.1. Study Area

The study area (Figure 1) is in the Three Parallel River region of northwest Yunnan
Province (between 29.020 N, 98.030 E in the north and 25.053 N, 99.022 E in the south, with
the elevation varying from 1200 m to 5500 m). It is one of the most ecologically significant
areas of China in terms of biodiversity, covering approximately 17,000 km2 across seven
counties in Yunnan (Deqin, Weixi, Lanping, Shangri-La, Lijiang, Jianchuan, and Yunlong),
with a total human population of about 1,182,500.

Figure 1. The study area and locations of monkey groups in Yunnan Province (China). The numbers
labeling each green area represent the monkey group number (1–15).
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The Yunnan snub-nosed monkey lives at a very high elevation (mainly above 3000 m)
and is an endangered species on the IUCN Red List [32,33]; 15 groups of these monkeys
have been identified previously. We obtained information on the monkey population size
as of 2016, with the monkey population being approximately 3000 individuals at that
time [6,32].

2.2. Land Use and Land Cover

Land Use and Land Cover (LULC) data in 2018 were obtained from a supervised
classification on SPOT-5 images (Institute of Forest Inventory and Planning, Yunnan, 2012)
with ground-truthing by the Conservation Information Centre of the Nature Conservancy’s
China program. All data were geo-corrected in ERDAS 9.2 with a root-mean-square (RMS)
error < 1. LULC types (such as Armand pine and hemlock) were assigned one of five
habitat categories, based on the Yunnan vegetation classification system and the monkey’s
habitat preferences. These five habitat categories, in declining quality, were optimal habitat,
suboptimal habitat, suitable habitat, unfavorable habitat, and highly unfavorable habitat [5].

2.3. Villages and Rural Roads

Data on 2572 villages, related rural roads, and their socio-economic status were
obtained from the National Geographic Information Resources Catalog Service system
(https://www.webmap.cn/main/do?method=index, accessed on 13 December 2016) and
Yunnan Digital Rural Network (http://www.ynszxc.gov.cn, accessed on 6 May 2018).

2.4. Principal Component Analysis

We selected 2572 villages located in the study area, obtaining 30 indicators for principal
component analysis (Table 1). The 30 indicators were grouped into six categories: the
natural resources, population, economy, infrastructure, energy, and educational factors.
We used the principal component analysis [34] in R v.2.14.1 to calculate eigenvalues, using
eigenvalues greater than 1 to identify the principal components of development factors of
the village. This downscaled 30 variables into 8 principal components. We used weighted-
sum method with these 8 principal components to calculate a comprehensive score for
each village, which was used to evaluate the development level of village. Villages were
then assigned into one of seven grades (I, II, III, IV, V, VI, and VII) using the Equal Interval
Breaks Method (Table 2). Villages of grade I had the lowest village development, villages
of grade VII had the highest.

Table 1. Socio-economic data index of villages.

Category Variable Code Category Variable Code

Natural resources
(X1)

Area of commonly used
cultivated land (km2) X11

Economics (X3)

Total economic income
(million yuan) X31

Paddy field area (km2) X12
Income from farming

(million yuan) X32

Dry land area (km2) X13
Income from graziery

(million yuan) X33

Area of cultivated land
area per capita (km2) X14

Forestry income (million
yuan) X34

Area of economic fruit
woodland (km2) X15

Income of secondary and
tertiary industries

(million yuan)
X35

Area of fruit woodland
per capita (km2) X16 Income per capita (yuan) X36
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Table 1. Cont.

Category Variable Code Category Variable Code

Population (X2)

Rural population
(people) X21

Infrastructure (X4)

Distance to nearest
station (km) X41

Agricultural population
(people) X22

Distance to nearest
market (km) X42

Labor force (people) X23 Cars (units) X43
Number of people in the

primary industry
(people)

X24
Agricultural transport

vehicle (units) X44

Number of people with
tertiary education and

above (people)
X25 Tractors (units) X45

Number of secondary
schools (people) X26 Motorbike (units) X46

Number of primary
school students (people) X27

Energy resources
(X5)

Biogas digester farmers
(Households) X51

Number of people not
attending school (people) X28

Solar farmers
(Households) X52

Education (X6)

Primary school
enrollment rate (%) X61

Secondary school
enrollment rate (%) X62

Table 2. Classification standard of villages development grades.

Comprehensive
Score Range/Z

(−∞,−0.5) (−0.5,0) (0,0.5) (0.5,1) (1.1.5) (1.5,2) (2,+∞)

Scale grades of
villages I II III IV V VI VII

2.5. Plots

The 344 plots were obtained from the 2017 Forest Resources Survey Data of Yunnan
Forestry Survey and Design Institute, which used the field survey method. The plots were
laid out as squares, each with an area of 4 km2.

By regularly updating the survey plot data every 5 years, dynamic changes in forest
resource growth and decline were obtained. We used the ecological quality formula of

plots Y =
7
∑

i=1
WiXi to calculate a comprehensive score for each plot, where:

i is the evaluation index (1, 2, and 3 for types I, II, and III, respectively);
Xi is the type score value of each evaluation index;
Wi is the weight of each evaluation index.

We then assigned the type score value of each evaluation index according to the
classification criteria (Table 3). The weights (as a percentage) were determined by via the
expert scoring method for each evaluation index against the whole.

According to the comprehensive score of the plots, we used Equal Interval Natural
Breaks Method to divide the range to four ecological quality grades (Table 4).
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Table 3. Plot evaluation indicators and weights.

Evaluation Index
Classification Criteria

Weight (%)
I II III

Forest naturalness 1, 2 3, 4 5 0.19
Forest community

structure 1 2 3 0.18

Tree species structure 6, 7 3, 4, 5 1, 2 0.17
Total vegetation coverage [70%, 100%] [50%, 70%) [0%, 50%) 0.14

Crown density [0.7, 1.0] [0.4, 0.7) [0.2, 0.4) 0.13
Average tree height [15.0, +∞) [5.0, 15.0) [0.9, 5.0) 0.13
Litter depth grade 1 2 3 0.06

Table 4. Classification criteria for the four ecological grades of plots.

Ecological Grade Comprehensive Ecological Quality Score of Plots Code

Excellent <1.4 1
Good 1.4–1.8 2

Medium 1.8–2.2 3
Poor >2.2 4

2.6. Habitat Quality Evaluation and Spatial Analysis

InVEST-Habitat Quality model [35] was used to evaluate snub monkey’s habitat qual-
ity based on LULC map from 2018 and biodiversity threat factors including villages, village
roads, other non-forestry land, economic forest, cropland, and artificial construction [28,36].
We analyzed the correlation between villages, rural roads, and plots to get maximum
distance thresholds of villages and rural roads in ArcGIS 10.6 and R [3,8]. Finally, we
scored the parameters related to threat factor weights, suitability, and sensitivity of land
use types and obtained threat factor attributes (Table 5) and sensitivity of land use types
to threats (Table 6). We also applied Spatial Autocorrelation (Moran’s I) and Hot Spot
Analysis (Getis-Ord Gi*) to explore the spatial variation characteristics of the influence of
villages on Yunnan snub-nosed monkey habitat quality [37,38].

Table 5. The threat factors and related coefficients, including maximum effective distance of threats
(km), weight, decay type.

Threat Factors
Maximum Effective
Distance of Threats

(km)
Weight Decay Type

Village I 2 0.4 Exponential
Village II 2 0.5 Exponential
Village III 2 0.6 Exponential
Village IV 2 0.7 Exponential
Village V 2 0.8 Exponential
Village VI 2 0.9 Exponential
Village VII 2 0.95 Exponential

Village road 4 0.7 Linear
Other non-forestry land 1 0.6 Exponential

Economic forest 1 0.7 Exponential
Cropland 1 0.5 Exponential

Artificial construction 3 0.8 Exponential
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Table 6. Sensitivity of land cover types to each threat factor. (Vil1 = Village I, Vil2 = Village II, Vil3 =
Village III, Vil4 = Village IV, Vil5 = Village V, Vil6 = Village VI, Vil7 = Village VII, Vr = Village road,
Onfl = Other non-forestry land, Ef = Economic forest, Cr = Cropland, Ac = Artificial construction.).

Land
Cover

Type Code
Land Cover Types

Habitat
Suitability

Vil1 Vil 2 Vil 3 Vil 4 Vil 5 Vil 6 Vil 7 Vr Onfl Ef Cr Ac

1 other non-forest
land 0 0 0 0 0 0 0 0 0 0 0 0 0

2
cold coniferous
forest (Alpine

coniferous forests)
0.6 0.7 0.75 0.8 0.9 0.9 0.9 0.9 0.95 0.4 0.3 0.4 0.8

3 shrublands 0.8 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.5 0.3 0.4 0.8

4 Armand pine and
hemlock 1 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.5 0.4 0.5 0.9

5 barren land 0.2 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.2 0.1 0.1 0.2

6 broad-leaved
forests 0.6 0.6 0.6 0.6 0.6 0.7 0.7 0.8 0.9 0.4 0.3 0.4 0.8

7 cropland 0 0 0 0 0 0 0 0 0 0 0 0 0

8 planted economic
forests 0 0 0 0 0 0 0 0 0 0 0 0 0

9 water body 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.4 0.2 0.1 0.1 0.2

10

sclerophyllous
evergreen

broad-leaved
forest

0.8 0.7 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.5 0.3 0.4 0.8

11 fir-spruce forest 1 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.5 0.4 0.5 0.9

12
warm coniferous
forest (Yunnan

pine forest)
0.2 0.3 0.3 0.3 0.3 0.4 0.4 0.4 0.4 0.2 0.3 0.1 0.2

13
coniferous

broad-leaved
mixed forest

1 0.8 0.8 0.8 0.8 0.8 0.8 0.85 0.85 0.5 0.4 0.5 0.9

14 Artificial
construction 0 0 0 0 0 0 0 0 0 0 0 0 0

2.7. Impact of Village Development on Habitat Quality

We used the kernel density in ArcGIS to analyze the spatial pattern of the socio-
economic development of the villages [39,40]. Then the impact of villages on the habitat
quality of Yunnan snub-nosed monkeys was evaluated based on GIS spatial analysis.

3. Results

3.1. Analysis the Development of Villages

Our village development analysis revealed that more than half the villages (59.84%)
were of Grade II (the second-lowest economic development grade). Grade III (just slightly
higher economically developed than Grade II) represented 24.49% of the villages. The
remaining Grades represented less than 7% of the villages each (Table 7).

Table 7. The quantities and weight of grades of villages.

Village Grade Quantities Weight (%)

Grade I 138 4.20
Grade II 1874 59.84
Grade III 810 24.49
Grade IV 220 6.26
Grade V 74 2.45
Grade VI 57 2.18
Grade VII 21 0.58

Figure 2 shows higher density development of villages in the southern part of the
study area than in the north, with the development trend showing a multi-center radiation
pattern. This corresponds directly with a lower quality monkey habitat in the south than in
the north as shown in Figure 3.
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Figure 2. Distribution of villages and their grades in Northwest Yunnan.
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Figure 3. Distribution of kernel density in Northwest Yunnan.

3.2. Analysis of the Impact of Village Development on Habitat Quality

Figure 4 shows that habitat quality is higher in the northern part of the study area
than in the southern part, that the development of villages in the north is less impactful
on the habitat quality of snub-nosed monkeys than in the south, that ecological stability is
poor, and that ecological protection needs to be prioritized.
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Figure 4. Spatial distribution pattern of habitat quality in 2018.

The mean value of the habitat quality index for Yunnan snub-nosed monkeys in 2018
was 0.4679, representing a medium habitat quality. Areas of very poor-quality habitat
represented over half the total area (7759.39 km2, or 51.94%). These very poor-quality
habitats were mainly located in the outer and southern parts of the region and had villages
densely distributed with socio-economic activities significantly degrading the habitat.
The areas of good and excellent habitat quality were less than 30% of the total area and
were mainly located in the northern part of the region. Those areas had more suitable
habitat areas, less village distribution, and less human interference, resulting in slower
habitat degradation (Table 8). Differing socio-economic development in the villages has
caused differing degrees of habitat destruction, but overall socio-economic development
has resulted in more low-quality habitat area and less high-quality habitat area.
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Table 8. Percentage of area and mean value of habitat quality at grades in 2018.

Habitat Quality
Grade

Value Interval Area (km2) Area Weight (%)

Very poor [0, 0.2) 7759.39 51.94
Poor [0.2, 0.4) 506.31 3.08

Medium [0.4, 0.6) 2534.52 15.13
Good [0.6, 0.8) 2585.69 13.24

Excellent [0.8, 1) 3038.35 16.60

3.3. Analysis of the Habitat Quality of the Yunnan Snub-Nosed Monkey

The analysis in Table 9 shows 12 monkey groups with a mean habitat quality value
of 0.7408, which is relatively high for the overall habitat. The highest habitat quality was
found in monkey group 11 (C11), with a value of 0.9047, while groups C3, C6, and C14 had
the lowest habitat quality (Table 9).

Table 9. The value of habitat quality in each monkey reserve.

Code of Monkey Habitat Quality

C1 0.8107
C2 0.7113
C3 0.5943
C4 0.7139
C5 0.7723
C6 0.4982

C10 0.8074
C11 0.9047
C12 0.7653
C13 0.8238
C14 0.6943
C15 0.7931

4. Discussion

4.1. Impacts of Village Development on Habitat Quality

There were significant spatial differences in habitat quality distribution patterns. The
spatial autocorrelation of habitat quality revealed characteristics of weak agglomeration
distribution in the space. The statistical parameters of spatial analysis indicated that the
global Moran’s I index of habitat quality was 0.0907, and the possibility of agglomeration
distribution was less than 1%.

Figure 5 reveals that the hot spots and sub-hot-spots of habitat quality were in the
northern and southern region as opposed to the central region, and the habitat quality
changed greatly, as formerly forested land was converted into non-forested land such as
crop land and villages or converted into ecological restoration projects. Conversely, the cold
spots and sub-cold-spots were mainly distributed in the central region, which is a relatively
suitable habitat for Yunnan snub-nosed monkey with great conversation and little change
in habitat quality. Comparing Figures 4 and 5, we found that there was significant overlap
between the Very Poor habitat quality area from Figure 4 and the Not Significant area from
Figure 5.

If habitat or land use changes are representative of genetic, species, or ecosystem
changes, then a low habitat quality will mean a decline in the biodiversity in the habitat
and will mean habitat change unfavorable for species survival [16]. As the population of a
village increases dramatically, people expand its boundaries, increase the use of cropland,
and develop unused land to carry the increased population and provide food [7,41]. In
addition, to develop the economy, people plant large amounts of economic forests, leading
to habitat fragmentation [42]. Therefore, we need to carry out ecological restoration projects
in these areas through cropland reforestation. We need to promote the restoration of the

147



Biology 2022, 11, 1487

Huashan pine hemlock arrow bamboo forests, spruce fir forests, and mixed coniferous
and broad-leaved forests to improve habitat quality [4]. Bamboo and lichen are important
food sources for Yunnan snub-nosed monkeys [10]. Forest rangers should restore bamboo
plants and lichen, which will provide adequate food conditions for the Yunnan snub-
nosed monkeys.

Figure 5. Hot spot analysis map of habitat quality in 2018.

4.2. Impacts of Village Development on Yunnan Snub-Nosed Monkeys

Coordinating the relationship between the socio-economic development of the village
and the protection of the ecological environment can promote a harmonious symbiosis
between humans and Yunnan snub-nosed monkeys. In places where the socio-economic
development of villages is lagging or in decline, local villagers currently rely on massive
timber cutting and occupying forest land to develop agriculture and grazing to sustain
their livelihoods, threatening the survival of monkeys. There were 10 villages (Zanzhuaro,

148



Biology 2022, 11, 1487

Amu Shiguang, Muguang Aji, Sebu Feiha, Zaopo, Guilong, Cuding, Zengda, Yidoushe,
and Lilinong) directly competing with the C3, C6, and C14 monkey groups (Figure 6). The
government should implement poverty alleviation policies for these villages, removing
the need of deforestation to drive economic development, instead developing monkey
habitat–friendly eco-tourism and minority cultural industries.

Figure 6. Zoom-in of four sections of the research area, showing the distribution of villages and
habitat quality in relation to each monkey group. (A) Northern part of the area showing groups C1,
C2, and C6. (B) North-central part of the area showing groups C12, C13, and C14. (C) South-central
part of the area showing groups C10, C11, and C15. (D) Southern part of the area showing groups C3,
C4, and C5.

Habitat quality, habitat patch size, and habitat connectivity mutually trade off against
each other [43]. The habitat quality of the C3, C6, and C14 monkey groups is relatively low
due to the development on villages. This indicates that village development had a strong
influence on habitat quality, with the higher development level of a village translating to a
lower habitat quality of the monkey group. We should enhance habitat connectivity and
build up ecological corridors to promote gene exchange and conserve genetic diversity in
these areas where connectivity with other monkey groups is impeded by agriculture and
grazing land, roads, and villages. This is especially true for the isolated monkey groups
(C3, C6, and C14) [4–6,44].

4.3. Implications for Conservation

In addition to protecting Yunnan snub-nosed monkeys through traditional measures
such as ecological restoration, enhancing habitat connectivity, building corridors, relocation,
and poverty alleviation, we need to take additional, creative measures. Illegal hunting is
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still an important factor threatening species conservation [45]. It is necessary to combat the
illegal wildlife trade, curbing wildlife consumption through interventions and/or shifting
consumption to more sustainable alternatives [46,47].

The government must provide ecological compensation to villages with high levels of
ecological protection and restoration and establish ecological compensation mechanisms.
These are a form of compensation for the damage cause to ecological functions and qual-
ity during development. The purpose of these forms of compensation is to improve the
environmental quality of damaged areas or to be used to create new areas with similar
ecological functions and environmental quality that can further protect, and sustainably
use, ecosystem services [48,49]. We also need to strengthen science and education on biodi-
versity and wildlife conservation so that villagers can participate in species conservation
and reap the benefits from it. In general, through a variety of measures, such as education,
social influence, legal regulation, and behavioral facilitation, emphasis must be on mul-
tidisciplinary applications, multi-subject cooperation, and multi-scale considerations for
species conservation [46,47].

The InVEST models is relatively mature and superior to transitional methods in spatial
expression and dynamic research. We preliminarily discussed the improvement of adding
quantitative village factors to the conventional model and have conducted analysis on the
development on villages to include the habitat quality for Yunnan snub-nosed monkeys.

Due to the protection of some data and limited access to other data, the study area
only has the distribution area of the Yunnan snub-nosed monkey in northwestern Yunnan.
For example, data for some areas in Tibet province is lacking. The research is also lack
dynamicity, integrity, and comprehensiveness. Data for some areas of Tibet will be sup-
plemented in future work, and the influence of villages on the habitat quality of monkeys
in the whole territory will be studied quantitatively. We also plan to improve the InVEST
model parameters and strengthen parameter verification to obtain more effective variable
factors, such as climate change factors. We also plan to further improve the variables that
reflect the socio-economic development of villages, such as roads at all levels, population
spatial distribution km grid data, nighttime lighting data, and GDP spatial distribution km
grid data sets.

5. Conclusions

By using the smallest administrative scale in China—the village—we were able to
accurately study the impact of village development on habitat quality, with focus on the
Yunnan snub-nosed monkey. The modeling of habitat quality using the InVEST-Habitat
Quality Model provided information about the relationship between the spatio-temporal
distribution of habitat quality and potential biodiversity. The results of the habitat quality
analysis indicate that decreases in habitat area and quality over time meant a decline
in biodiversity persistence, resilience, and breadth and exacerbated the risk of declining
species populations. In addition, the assessment of habitat quality based on species habitat
suitability provides a new perspective to assess the impact of village developments on
the habitat quality for the conservation of specific species. While we used the Yunnan
snub-nosed monkey in our paper, these approaches can be applied for the conservation of
other species.
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Simple Summary: The way that diversity affects ecosystem functioning is of great importance, as it
helps us understand the health state of an ecosystem. Primary producers contribute to ecosystem
functioning through biomass production, which is considered to be a proxy of ecosystem functioning.
In rivers, the primary producers of the biofilm are diatoms, unicellular algae with cell walls of silica.
In this study, we tested the way diatom species affect biomass production across nine rivers in Greece.
Nutrient concentrations that drive primary production are linked to river geology. We found that
the geological substrate of a river could be responsible for the diversity–biomass relationship: in
rivers with a siliceous substrate, more diatom species increased biomass, whereas in rivers with a
calcareous substrate, a change in diatom species number did not change biomass. By using model
simulations, we found that this difference could be attributed to the different stages of the biofilm in
time. Our results show the importance of different factors that affect diatom species, their functional
traits and biomass production and what we should consider when testing for ecosystem functioning.

Abstract: The biodiversity–ecosystem functioning (BEF) relationship has been studied extensively
for the past 30 years, mainly in terrestrial plant ecosystems using experimental approaches. Field
studies in aquatic systems are scarce, and considering primary producers, they mainly focus on
phytoplankton assemblages, whereas benthic diatoms in rivers are considerably understudied in
this regard. We performed a field study across nine rivers in Greece, and we coupled the observed
field results with model simulations. We tested the hypothesis that the diversity–biomass (as a
surrogate of ecosystem functioning) relationship in benthic diatoms would be affected by abiotic
factors and would be time-dependent due to the highly dynamic nature of rivers. Indeed, geology
played an important role in the form of the BEF relationship that was positive in siliceous and absent
in calcareous substrates. Geology was responsible for nutrient concentrations, which, in turn, were
responsible for the dominance of specific functional traits. Furthermore, model simulations showed
the time dependence of the BEF form, as less mature assemblages tend to present a positive BEF. This
was the first large-scale field study on the BEF relationship of benthic diatom assemblages, offering
useful insights into the function and diversity of these overlooked ecosystems and assemblages.

Keywords: biofilm; diatoms; rivers; Greece; model simulations

1. Introduction

Ecosystem functioning comprises multiple processes that account for ecosystem health
and sustain ecosystem services. For the past 30 years, research has been focusing on proving
the pivotal role of diversity in driving ecosystem functioning [1]. In particular, the study
of the form of the biodiversity–ecosystem functioning (BEF) relationship is considered
important in light of global change and species extinctions [2]. It could be further used as
a proxy of ecosystem health, resilience and species interactions, providing great insight
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into an ecosystem’s need for conservation [3,4]. BEF studies, especially early ones, have
focused on experimental work, mainly on terrestrial plants, whereas aquatic environments
and especially freshwater, remain understudied [5]. Field studies are rare, and regarding
microalgae, they have focused on phytoplankton in Scandinavian and USA lakes [6,7] and
the Baltic Sea [6,8]. A few studies on biofilm are limited to estuaries [9,10], but studies on
the productivity of the river biofilm, especially on benthic diatoms, are almost missing
(see [11]).

Diatoms, a major component of phytobenthos in rivers and the most diverse group of
protists, are unicellular algae with silica cell walls, responsible for 20% of O2 production,
and are important indicators of water quality [12]. As primary producers, their growth
depends on nutrient concentrations and light, contributing immensely to primary biofilm
productivity, an important ecosystem function. The importance of benthic diatoms on
biofilm biomass production, along with their high diversity, renders them an ideal group of
organisms for studying the BEF relationship in river biofilms. Furthermore, in recent years,
functional traits related to cell size, to adherence to substrates and life forms are increasingly
used in describing benthic diatom assemblages [13,14]. Despite the growing evidence that
functional richness could be more important in driving ecosystem functions than taxonomic
richness [15], functional diversity metrics are not widely used in BEF studies.

Although initial research focused on positive BEF relationships (i.e., an increase in
ecosystem functions with increasing diversity), recent research and meta-analysis suggest
different relationships (e.g., negative or hump-shaped relationships), depending on the
type and duration of the study (i.e., observational field or experiment), the ecosystem type
and the taxa studied [5]. Furthermore, the form of the BEF relationship can be affected by
multiple diversity levels in space and time, such as the regional and local species pools or
the initial and realized diversity [16]. Although they have the advantage of the large scale
and the natural world, observational field studies can give ambiguous results. Natural
systems are very complex and dynamic, and patterns could be masked by different diversity
scales that are part of different assembly phases. On the other hand, modeling studies
could provide mechanistic interpretations of the form of the BEF relationship [17,18]. For
example, modeling studies on phytoplankton have suggested that when species utilize all
the available resource space (e.g., when the system is at a mature steady-state), there is no
BEF relationship, whereas when a part of the resource space stays unutilized (e.g., after a
species extinction), then a strong positive BEF is apparent [17]. Therefore, coupling field
observations with numerical modeling could give better insights into the drivers of the
BEF relationship.

The aim of this study was to test the form of the BEF relationship in benthic diatoms
in rivers and the drivers of this relationship. Toward this aim, we collected samples
along nine Greek rivers, varying in their geographical location, geology, drainage area and
nutrient concentrations. As rivers are highly dynamic ecosystems and Greece is a country
with diverse landscapes and geology, we hypothesized that a general BEF relationship
would be hard to observe and that it would be driven by additional, possibly abiotic,
factors. We further investigated species traits (size, attachment to the substrate) that can be
responsible for the observed relationship. To further understand species coexistence and the
consecutive biomass production during a succession of the biofilm in time, we ran model
simulations and checked the BEF relationship at different maturity levels of the biofilm.
We hypothesized that a less mature biofilm (at the beginning of time succession) would
present a positive BEF, as resources are still unutilized, whereas a mature biofilm, where all
available resources are used, would not present a BEF. To the best of our knowledge, this is
the first large-scale observational study of the BEF relationship in benthic river diatoms,
and although incomplete, it can give important insights into the function and diversity of
these overlooked systems.
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2. Materials and Methods

This study combined field observations with numerical modeling. Field sampling
was conducted in river biofilm, comprising samples for both microscopic observation and
biomass. Water physico-chemical parameters and nutrient concentrations were measured
at each site. Diversity (i.e., species richness and evenness) of diatoms in the biofilm
was defined using microscopic counts of species abundances, and functional traits were
assigned to species to account for functional diversity. Biomass was measured in the lab as
chlorophyll a concentration and was used as a proxy of ecosystem functioning. The shape
of the BEF relationship was tested at different spatial scales, and nutrient concentrations
and functional traits were investigated as possible drivers of the observed shape. Model
simulations, using a well-known numerical model on species competition for available
resources, were run, and the BEF relationship was observed at different time points to test
for the dependence of the relationship to the maturity of the assemblage.

2.1. Field Sampling

Nine Greek rivers (Nestos, Lissos, Fonias, Spercheios, Mornos, Alfeios, Arkadikos,
Neda and Evrotas) were sampled in the summer of 2020, at a low flow period, when no
major disturbances would cause shifts in the assemblages and their biomass (Figure A1,
Table A1). These rivers were selected based on accessibility and appropriate sampling
substrate (stones) as well as due to their differences in terms of size, geology and envi-
ronmental conditions. In each river, five sampling sites were sampled from upstream to
downstream, apart from Arkadikos and Lissos, where only four samples were taken. In
order to ensure replication, in each site, three spots were sampled, each comprising three
stones. From each stone, two surfaces of the defined area were scraped, the first used for
chlorophyll analysis (immediately put in a dark bag and frozen) and the other for species
identification and counting (preserved with 70% ethanol). This ensured the direct compar-
ison between species diversity and biomass production. At each site, physico-chemical
parameters (Temperature, DO, pH, Conductivity, Turbidity) were also measured in situ
using a Portable multiparameter Aquaprobe, and water samples were collected for the
determination of nutrients (NO3, NO2, NH4, TN, PO4, TP and SiO2).

2.2. Analysis of Samples

In the laboratory, after filtration through 0.45 μm pore size membrane filters, nutrients
were determined by a Skalar San++ Continuous Flow Analyzer [19]. For the determination
of chlorophyll, the trichromatic equations were applied [20], where all three main chloro-
phylls were measured (Chl-a, Chl-b, Chl-c), and their concentrations were in mg/cm2.
Chl-a is a measure of the whole phytobenthos biomass production, whereas Chl-c is more
indicative of the biomass produced by benthic diatoms.

Diatom species samples were treated with hot hydrogen peroxide to remove organic
matter and obtain clean frustules, to be used for diatom species identification [21]. Clean
frustules were mounted with Naphrax®, identified to species level with a light microscope
(Nikon Eclipse Ci-L, Nikon Microscope Solutions, Europe) at 1000× magnification and
counted until no more new species were detected in each sample. As the surface scraped out
of the stone was defined, and the volume at each step of the procedure was also measured,
the counting reflected the absolute abundance of cells per cm2. For the taxonomy, the work
of [22] was mainly used.

2.3. Data Analysis

In order to ensure that the sampling effort was adequate for all rivers examined, species
accumulation curves (SACs) were constructed, showing that, indeed, most species were
observed under the specific sampling and analysis procedures (Figure A2). Furthermore, to
check that species richness counts were not biased due to macroecological patterns and large
differences in the drainage areas, species–area relationships (SAR) for the selected rivers were
performed, demonstrating the absence of a relationship between the area and the observed
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species richness (Figure A3). Another potentially confounding factor in natural systems is
pollution. In the present study, pollution levels slightly differed, even between sites of the
same river, based on a biological quality diatom index, but quality classes did not play an
important role in the BEF relationship (interaction term p-value = 0.07).

Taxonomic diversity was calculated using both species richness (S) and evenness (J),
to account for the abundance distribution of individuals among species (i.e., assemblage
structure). For calculating functional diversity, the functional richness index was used,
defined as the total branch length of a functional dendrogram based on species’ functional
traits [23]. Functional traits used were cell size (L/W ratio, biovolume), substrate adherence
(high profile, low profile, motile and planktonic guilds), life forms (colonial, singular) and
nitrogen fixation [14]. For the calculation of biovolume, equations of geometric shapes
were used [24], and dimensions that could not be measured in our samples (e.g., cell height)
were defined based on the literature [14]. The total biovolume of each sample was divided
by the total abundance of the sample for the calculation of the average cell size of each
assemblage, aiming to compare cell size between different groups of rivers [25].

Biomass metrics tested were Chl-a, expressing biomass production of the entire biofilm,
Chl-c and Total biovolume, linked to benthic diatoms. Chl-a and Chl-c were highly corre-
lated (Spearman r = 0.86, p-value < 0.001) and presented the same trends. Therefore, only
Chl-a was used as a surrogate of biomass production. In order to show more clearly linear
trends, Chl-a concentrations were ln-transformed.

The form of the relationship between the different diversity metrics and Chl-a was
determined for the whole dataset, searching for a general pattern in the examined Greek
rivers, as well as for each river separately to test for possible differences in the BEF relation-
ship between rivers. Rivers were further grouped in two previously defined hydrochemical
zones in Greece [26] with distinct silicate and phosphorus concentration ranges, affected by
geology; in zone A, siliceous substrates are more prominent, and silicate and phosphorus
concentrations in water are higher, whereas, in zone B, calcareous substrates dominate and
silicate and phosphorus concentrations in water are lower, the latter due to adsorption on
carbonate-rich particles and sediments [27,28]. Substrate geology (i.e., siliceous vs. calcare-
ous) is known to select for species diatom species [22]. Therefore, as phosphorus and silica
are important nutrients for diatom growth, their different concentrations in these two zones
could affect assemblage characteristics and, thus, the corresponding BEF relationships. For
the rest of the manuscript, when we refer to substrates (siliceous or calcareous), we refer to
the geologic substrate of a river basin.

For testing the significance of the BEF relationship when used in different groups in
the dataset, generalized linear mixed-effects models were used, with the river as a random
factor. Data analyses and illustrations were performed in R (v. 4.0.3) [29], using packages
vegan v. 2.5-7 [30], BAT v. 2.7.1 [31], lme4 v. 1.1-28 [32], ggplot2 v. 3.3.5 [33] and plotly
4.10.1 [34].

2.4. Model Simulations

Model simulations were performed in an effort to understand the importance of
temporal succession and the maturity of the biofilm on the BEF relationship. Applied
models were based on well-known models for phytoplankton competition for resources,
assuming a continuous inflow of nutrients [35]. This model describes the population
dynamics of 400 diatom species (Ni) competing for two nutrients (Rj), namely nitrogen
and phosphorus. The initial species number (n = 400) is based on the total diatom species
observed in all field samples.

dNi
dt

= Ni

(
min

(
μmaxi × R1

K1i + R1
,

μmaxi × R2

K2i + R2

)
− mi

)
, i = 1 − n (1)

dRi
dt

= D
(
Sj − Rj

)− n

∑
i=1

cji × min
(

μmaxi × R1

K1i + R1
,

μmaxi × R2

K2i + R2

)
Ni, j = 1, 2 (2)
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Ni is biomass of species i, and Rj is the concentration of nutrient j; μmaxi is the specific
maximum growth rate of species i, and Kji is the half-saturation constant of resource j for
species i, based on the Monod model of growth limitation; mi is the mortality induced by
flushing, and it was calculated as the flushing rate (D) divided by the maximum growth
rate of each species in the model; D is the nutrient flushing rate; Sj is the input nutrient j
concentration; and cji is the intracellular content of nutrient j in species i. In diatoms, the
maximum growth rate is linked to species size, with smaller species presenting a higher
growth rate [36]. As larger species in a biofilm tend to be more affected by flushing than
smaller species that tend to adhere to the substrate stronger, we assumed that they are more
affected by flushing, which increases larger species mortality.

The two nutrients used in the model are phosphorus and nitrogen, as they are both
essential nutrients for growth. Based on field observations, phosphorus was mainly the
limiting nutrient, whereas nitrogen limitation was also observed in some cases. The two
nutrients in the model are added synchronously and in a continuous manner during the
simulations at concentrations following the Redfield ratio. This synchronous and contin-
uous flow simulates an ideal river environment, from upstream (nutrients entering the
system) to downstream (nutrients flushing). Following the N:P:Si ratio in field observations,
Si was never found to be limiting; therefore, even though an important nutrient for diatom
growth, it was not considered in model simulations.

Life history traits were assigned to species based on the literature values and on species
functional traits that we observed in the field samples. The three main life history traits
we focused on were the specific maximum growth rate (μmax), the competitive ability for
Phosphorus (KP) and the competitive ability for Nitrogen (KN). Based on field data, smaller
species tended to be at low nutrient concentrations; therefore, we assigned three groups
of species, with each group being superior for two life history traits: one group consisted
of fast-growing species with the increased competitive ability for phosphorus but not for
nitrogen (high μmax and low KP but high KN), one group consisted of fast-growing species
with the increased competitive ability for nitrogen (high μmax and low KN but high KP)
and one group consisted of slow-growing species with the increased competitive ability
both for phosphorus and nitrogen (low μmax and low KP and KN). Keeping a trade-off was
important as the presence of a “superspecies”, superior for all traits, would exclude all
other species, and thus, species richness in an assemblage would be extremely low. When
assigning traits to virtual species, we made sure that there was a trade-off between R*P and
R*N, with a level of complementarity equal to 0.49 [37]. R* is the minimum concentration
of a resource at which a species could keep its population stable, and it is a summary value
of both growth rate and Kj. Life history traits were assigned to species using R (v. 4.0.3).

The mathematical equations were solved numerically using a specially developed
Fortran code following [37] and adapted to meet the characteristics of the studied systems.
The BEF relationship was tested at each time step using the species richness and evenness
against the log-transformed abundance of the 100 replicates. For each replicate, the initial
biomass of each species and the total initial abundance varied randomly. The model
parameters values, ranges and initial conditions are detailed in Table A2.

3. Results

3.1. Field Observations

The general BEF relationship (when all samples were pooled together) when using
species richness (S) as the diversity predictor of biomass was positive, albeit rather weak
(p-value < 0.01, Figure 1a). A seemingly similar but not significant trend was apparent
when functional richness was used as a biomass predictor (p-value = 0.235, Figure 1c). The
lack of a significant relationship was also present when evenness (J) was used as a diversity
predictor of biomass (p-value = 0.676, Figure 1b).
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Figure 1. Diversity (expressed as (a,d) species richness S, (b,e) evenness J and (c,f) functional richness)
and ecosystem functioning (presented as ln(Chl-a) on y-axis) relationships in each river on the whole
dataset (a–c) and at different geological substrate levels (d–f).

When each river was considered separately, the relationship between species richness
and biomass production was variable between the different rivers sampled (Figure A4a).
Indeed, Chl-a was best explained when the interaction between species richness and the
river was also considered (adjusted R2 = 0.55, p-value < 0.001). This variation is also
apparent when considering other diversity metrics (evenness J and functional richness,
Figure A4b,c). Variability among rivers was also evident in environmental conditions,
as depicted in the physico-chemical parameters and nutrient concentrations measured
(Figure A5).

A strong interaction effect is apparent when testing for the substrate geology (interac-
tion term p-value < 0.001). In siliceous substrate, an increase in species richness resulted in
an increase in biomass production (positive BEF-slope = 0.097, p-value < 0.001), whereas, in
the calcareous substrate, an increase in species richness did not have any effect on biomass
production (no BEF relationship-slope = −0.0014, p-value = 0.9—Figure 1d). Functional
richness presented the same trend (interaction term p-value < 0.05, Figure 1f), but even-
ness (J) had no effect on predicting biomass ((interaction term p-value = 0.204, Figure 1e).
There was no significant difference between species richness or biomass for the two groups
of rivers.

In rivers with a siliceous substrate, all tested nutrients (TinN (i.e., sum of NO2, NO3,
NH4), PO4, SiO2) presented higher concentrations than in rivers with a calcareous sub-
strate (p-value < 0.05–Figure 2a–c). Regarding species traits, rivers in siliceous substrates
have diatom assemblages comprised of bigger and motile species, whereas rivers in cal-
careous substrates have diatom assemblages comprised of smaller, low-profile species
(p < 0.05–Figure 2d–f). Overall, motile species tended to increase with increased phos-
phorus concentrations, whereas low-profile species tended to decrease with increased
phosphorus concentrations (Figure 3a,b). The other guilds (high-profile and planktonic
species) did not present any consistent relationship between geology or nutrient concen-
trations. Furthermore, a higher relative abundance of low-profile species resulted in high
dominance assemblages (Figure 3d), whereas higher evenness was observed when more
motile species were present (Figure 3c).
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Figure 2. Difference between nutrient concentrations: (a) total inorganic nitrogen; (b) orthophos-
phates; (c) silicates and species functional traits; (d) average size in the assemblage; (e) relative
abundance of motile species; (f) relative abundance of low-profile species between calcareous and
siliceous substrates. Y-axis in (a–d) is ln-transformed.

Figure 3. Relationship between PO4 concentration and diatom guilds: (a) relative abundance of
motile species; (b) relative abundance of low profile species; and (c,d) the same diatom guilds and
evenness J.

3.2. Model Results

The above field results on nutrient concentrations and species guild and size indicate
that small, fast-growing cells are also good competitors for phosphorus. This was the
assumption we used in the model parameterization regarding life history traits of the initial
species pool (explained in the methods above).

Model results varied with time during the simulation. At the very beginning of the
simulation period, species richness started to increase, along with total biomass, and the
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BEF relationship was positive for these initial time steps (Figure 4a, Table 1). During
succession, once all the species presented detectable biomass, no significant relationship
was apparent between species richness and total biomass production (Figure 4a, Table 1).
Even later in succession, when species started to go extinct and the total biomass started
to reach the maximum carrying capacity of the system, there was still no significant
relationship, or a negative one, between species richness and total biomass production
(Figure 4a, Table 1). However, species richness and total biomass did not vary a lot between
replicates at later stages of succession. On the other hand, as species started to go extinct
and the system reached its maximum biomass, evenness presented a higher variability
between replicates and a negative relationship with total biomass, whereas assemblages
with higher dominance also presented higher biomass (Figure 4b, Table 1).

Figure 4. Model results between (a) species richness S and (b) evenness J (on x-axis) and biomass
(y-axis) for different days (0–1000) during simulations. For each day, the 100 replicates are plotted.

Table 1. Slopes and their statistical significance for the equations. ln(biomass) = aS + b and ln(biomass)
= aJ + b.

Species Richness (S) Evenness (J)
Day Slope (a) p-Value Slope (a) p-Value

0 0.00286 *** 31.01131 **
1 0.002282 *** 2.686801 0.278
2 0.001267 * 0.447689 0.742
3 0.000544 0.569 −0.87027 0.445
10 0.00018 0.585 −0.05598 0.823
50 −0.00278 ** −1.21366 ***

100 0.000241 0.170 −0.08981 **
500 0.000103 0.787 −0.24929 ***

1000 −0.00434 ** −0.19818 ***
Note: *** < 0.001, ** < 0.01, * < 0.05.

Nutrient concentrations started to decline and reached their minimum fast, with the
system being phosphorus-limited early in succession, whereas nitrogen concentrations
took longer to decline (Figure 5). It was during this period of nitrogen depletion that total
biomass increased further and reached its maximum when both nutrients reached their
minimum values (Figure 5). During succession, the species that first went extinct were the
slow-growing species (Figure 6), whereas, at the end of the simulation period, the species
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that survived and contributed the most to the total biomass were the ones with high growth
rate and high competitive ability for phosphorus (i.e., low KP) (Figure 6).

Figure 5. (a) Total biomass and nutrient concentrations; (b) nitrogen and (c) phosphorus during time
succession in model simulations.

Figure 6. Three-dimensional diagram with the species life-history traits (μmax—maximum specific
growth rate, KN-half saturation constant for nitrogen, KP-half saturation constant for phosphorus) in
the model at day 0 (initial species pool), day 100 and day 1000 (end of simulation). Different colors
are the three groups of species based on their competitive abilities (see methods for details).
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4. Discussion

Overall, our study suggests that the BEF relationship in river benthic diatoms, although
it could be regarded as positive, it seems to be a function of different factors. The main
driver of the BEF seems to be geology, directly linked to nutrient availability, which, in turn,
selects for specific functional traits. Furthermore, the maturity of the assemblage (i.e., time
point during the succession of the biofilm) seems to be an important factor in the observed
relationship, as suggested by the model simulations. This is the first attempt to generalize
the BEF relationship in river benthic diatoms, using large-scale field observations and
numerical modeling, and although the conclusion should be driven with caution, it offers
valuable insight into these ecologically important assemblages.

The high variability among rivers regarding their environmental conditions (physico-
chemical parameters, nutrient concentrations, drainage area) led to variable diatom assem-
blages and biomass production. Therefore, it was not surprising that the BEF relationship
would also vary among rivers, greatly masking the effect of diversity on biomass in the
whole dataset. However, when rivers were split into two groups based on the geology of
the substrate, the two patterns were very clear: positive BEF in a siliceous substrate and no
BEF in a calcareous substrate. The two substrate groups differed in nutrient concentrations,
which were higher in sites with a siliceous substrate. This was expected for silica, as it
originates from silicate rock weathering [38]. Regarding phosphorus, this pattern has al-
ready been shown in calcareous substrates, as phosphorus is being removed from the water
column due to adsorption mechanisms on carbonate material [27,39,40]. Nitrogen was also
lower in calcareous substrates, although this trend was not so pronounced. Although most
of the sites were phosphorus-limited, there were some sites that were nitrogen limited,
belonging, though, to both geological groups. This is consistent with previous studies in
Greek rivers, suggesting that the limiting nutrient was site-dependent [26].

Nutrient concentrations largely affected diatom guilds. More specifically, motile
species were more abundant in increased phosphate concentrations (and thus siliceous
substrates), whereas low-profile species were more abundant in low phosphate concentra-
tions (and thus calcareous substrates). This is in agreement with previous studies, where
low-profile species showed a preference for low nutrient concentrations, whereas motile
species abundance started to increase with increased nutrient concentration [13]. The
fact that low-profile species (i.e., species that adhere strongly to the substrate) were more
abundant in calcareous substrates could indicate that species in this functional group take
advantage of the precipitated phosphorus. Furthermore, most of the low-profile species
found in the study (especially Achnanthidium spp.) have a small size, are fast growers and
tend to present high populations, increasing dominance [11].

The difference in the BEF relationship between the two substrates could be explained
by the combination of nutrient concentrations and traits predominance and by the maturity
of the biofilm. According to field data, at higher nutrient concentrations (siliceous substrate),
the addition of species could increase biomass, suggesting that species do not occupy
all available niches and new arriving species make use of available space, increasing
biomass [41]. On the other hand, a stable BEF relationship suggests that the species present
occupy all the available niches, consuming all the available resources, and the system
has reached a saturated state, even from a few species [17,18]. Model results suggest that
assemblages with a positive BEF could be at an early assembly process, whereas a stable
relationship could be an indication of a later in succession, more mature assemblage. This
is in agreement with previous modeling studies [17] for phytoplankton, using similar
models but with different parameters regarding species’ life history traits. This could be an
indication of a general trend in microalgae assemblages.

Model outcomes suggest that the predominant species traits are related to fast growth
and strong phosphorus competition. This is related to our field results, where phospho-
rus limitation was more predominant, and it would select species with low phosphorus
requirements [35]. The selection for fast-growing species was also highly enforced by
the penalty induced in slow-growing species, a rather simplistic function that selects for
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specific traits. The model applied in the present study followed many assumptions and
generalizations and could not capture the complexity of a natural system. For example,
nutrient inputs follow similar ratios as observed field nutrient concentrations but could be
different in many cases, such as, for example, in highly polluted systems or when point-
source pollution increases the concentration of a particular nutrient [42]. However, when
comparing observational and model results, it is important to remember that it is not the
absolute values that are being compared but rather the trends that could give indications
on mechanisms underlying observed patterns. Therefore, we believe that our model results
reinforce our field findings and assumptions on the time-dependent BEF observations.

The lack of studies on the BEF relationship in benthic diatoms can be explained by a
number of challenges and restrictions that it entails, some limitations of which were also
apparent in the present study. Specifically, in rivers that are highly dynamic environments,
biofilm assemblages can be highly affected by incidents such as heavy rains and floods
and point source pollution that could make results evaluation harder. This was one of
the reasons that sampling took place during summer, at low flow conditions, when there
was a lower probability of heavy rain events, and we expected to collect a more mature
biofilm. However, other stressors, such as pollution and desiccation, could be affecting our
results [11]. Another limitation of benthic studies is the quantification of benthic concentra-
tions and abundances and the overall sampling effort. In our study, we tried to eliminate
this by scraping the biofilm of a defined surface and by using the same stone for both
biomass measurement and diversity quantification. The use of chlorophyll a as a surro-
gate of ecosystem function is widespread in the literature, and it focuses on the biomass
of primary producers of the biofilm and the general ecosystem state [43]. On the other
hand, photosynthetic biofilm (i.e., phytobenthos) is a complex formation comprising many
different groups of photosynthetic organisms apart from diatoms, including cyanobacteria.
Therefore, different groups of species and pigments should be carefully considered in
order to cover the full spectrum of the BEF relationship of the biofilm. Moreover, as water
samples for the quantification of nutrients were from the water above the biofilm, and this
differed from nutrient concentrations on the biofilm [44], the use of other ecosystem func-
tion metrics, such as the resource use efficiency (accounting for both biomass production
and nutrient assimilation in cells, [6]), could not be directly related to our study.

5. Conclusions

This was the first large-scale field study searching for a BEF relationship in benthic
diatoms in rivers. Despite the limitations recognized in a field study on benthic microor-
ganisms, it offers important insights into species’ contribution to biomass production. It
highlights the importance of geology and nutrient concentrations on the form of BEF re-
lationship and indicates species functional traits that could be responsible. The coupled
modeling approach demonstrates the time-dependence of the BEF relationship during the
succession of the biofilm formation and agrees with field observations on species func-
tional traits. Further experimental work and application of different model scenarios could
expand our knowledge and understanding of the ecosystem function of this ecologically
important group of organisms.
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Appendix A

In Appendix A are figures and tables related to the methodology and detailed river
results. All the available Figures and Tables are mentioned in the text.

Figure A1. Map with the hydrographic network of Greece and the sampling points for the nine rivers.
Hydrographic network is from https://geodata.gov.gr/en/dataset/udrographiko-diktuo (accessed
on 6 December 2022). Map was created in R (v. 4.0.3), using packages rnaturalearth (v. 0.1.0), sf
(v. 1.0-6) and ggplot2 (v. 3.5.3).
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Figure A2. Species–accumulation plots for each river. When the curve reaches a plateau, we assume
that sampling effort was enough to detect most of the species present. Analysis was performed in R
(v. 4.0.3), using package vegan (v. 2.5-7).

Figure A3. Species–area relationship for the sampled rivers. There is no clear evidence that species
richness increases with increased drainage area.
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Figure A4. Diversity (expressed as (a) species richness-S, (b) evenness-J, (c) functional richness-
FRichness in x-axis) and biomass (ln Chl-a in y-axis) relationship for each river.

Figure A5. Physico-chemical (temperature, turbidity, conductivity), nutrient concentration (Si, TN,
TP), diversity (species richness, functional richness, evenness) and biomass (Chl-a, Chla-c, Total
biovolume) variation between the nine rivers of the study.
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Table A1. Coordinates and sampling dates of each site. Site numbers 1–5 correspond to sites from
upstream to downstream.

River Site Latitude Longitude Sampling Date

Alfeios 1 37.36144 22.0947 2 July 2020
Alfeios 2 37.39018 22.08635 2 July 2020
Alfeios 3 37.47971 22.04998 2 July 2020
Alfeios 4 37.63421 21.64196 3 July 2020
Alfeios 5 37.64135 21.47642 3 July 2020

Arkadikos 1 37.26862 21.78473 21 July 2020
Arkadikos 2 37.2796 21.7412 21 July 2020
Arkadikos 3 37.28775 21.72578 21 July 2020
Arkadikos 4 37.29342 21.697 21 July 2020

Evrotas 1 37.17217 22.30336 1 July 2020
Evrotas 2 37.09295 22.42634 1 July 2020
Evrotas 3 37.06522 22.45116 1 July 2020
Evrotas 4 36.99387 22.51856 1 July 2020
Evrotas 5 36.97334 22.58183 1 July 2020
Fonias 1 40.45111 25.6258 22 August 2020
Fonias 2 40.4561 25.62369 22 August 2020
Fonias 3 40.45862 25.62405 22 August 2020
Fonias 4 40.48059 25.64669 22 August 2020
Fonias 5 40.49182 25.65536 22 August 2020
Lissos 1 41.13642 25.53514 7 September 2020
Lissos 2 41.02474 25.3223 7 September 2020
Lissos 3 41.0249 25.48959 7 September 2020
Lissos 4 41.0148 25.26305 7 September 2020

Mornos 1 38.59818 22.18833 10 July 2020
Mornos 2 38.51151 22.07488 10 July 2020
Mornos 3 38.50764 21.99866 10 July 2020
Mornos 4 38.50438 22.02188 10 July 2020
Mornos 5 38.38779 21.86056 10 July 2020

Neda 1 37.40079 21.9485 21 July 2020
Neda 2 37.4053 21.92258 21 July 2020
Neda 3 37.39259 21.84667 21 July 220
Neda 4 37.39526 21.72911 21 July 2020
Neda 5 37.38446 21.68998 21 July 2020

Nestos 1 41.41019 24.10549 4 September 2020
Nestos 2 41.26262 24.50997 4 September 2020
Nestos 3 41.17856 24.70111 4 September 2020
Nestos 4 41.08417 24.77134 5 September 2020
Nestos 5 40.99428 24.7438 5 September 2020

Spercheios 1 38.94828 21.94711 27 August 2020
Spercheios 2 38.94361 22.21083 27 August 2020
Spercheios 3 38.90667 22.28583 27 August 2020
Spercheios 4 38.89611 22.3225 27 August 2020
Spercheios 5 38.86722 22.36333 27 August 2020

Table A2. Model parameters.

Parameter Explanation Value/Range Unit

i species number 400
j number of resources 2

μmax maximum growth rate 0.3–1.7 d−1

KP half-saturation constant for phosphorus 0.02–0.2 μM
KN half-saturation constant for nitrogen 0.2–2 μM
cP intracellular content for P 0.00397–0.055 μM
cN intracellular content for N 0.055–0.244 μM
SN input nitrogen concentration 882 μM
SP input phosphorus concentration 36.2 μM
D nutrient flushing rate 0.1 d−1

mi species-specific flushing-induced mortality (D/μmax) 0.3–0.06 d−1

total initial biomass 4 × 106–5 × 106 cells/cm2

threshold abundance for a species’ survival 0.01 × 106 cells/cm2

range of initial abundance of each species 0.000009 × 106–0.0225 × 106 cells/cm2
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Simple Summary: The giant panda is an endemic species in China and the flagship species of
global wildlife conservation. Habitat studies of the giant panda corridor can reveal their survival
status, habitat environment, and the threats they face, which is crucial for giant panda population
recovery and habitat conservation. The results of this study show that due to the opening of the
National Road 5 (G5) Niba Mountain tunnel and the completion of the Niba Mountain giant panda
corridor plan, the recovery of vegetation within the Niba Mountain giant panda corridor has led to
the emergence of giant panda activity in the area, which may have spread to the central part of the
reserve through the corridor. The habitat selection characteristics of the giant pandas in the corridor
were clarified by investigating the microhabitats of the giant panda corridor in Niba Mountain.
These findings can provide a reference for scientists to formulate practical habitat conservation and
management measures for giant pandas in the study area.

Abstract: Habitat reduction and increased fragmentation are urgent issues for the survival and
recovery of the giant panda (Ailuropoda melanoleuca). However, changes in the distribution and
microhabitat selection of giant panda habitats in different seasons in the same region have rarely
been assessed. To further understand giant panda habitat requirements, this study analyzed the
giant panda habitat selection characteristics and differences using the sample data of the giant panda
occurrence sites collected during 2020–2022. The results showed that the giant panda in both seasons
selected medium altitudes (2000–2400 m), southeastern slopes, slopes less than 15◦, taller tree layers
(8–15 m) with a larger diameter at breast height (17–25 cm) and medium density (25–55%), shorter
shrub layers (<4 m) with sparse density (<30%), and taller bamboo (>2 m) with high density (>35%).
The giant panda microhabitat survey in the Niba Mountain corridor clarified the characteristics of
suitable habitat selection for the giant panda in the corridor. The findings of the study can provide
scientific references for the development of practical habitat conservation and management measures
for giant pandas in the study area.

Keywords: Ailuropoda melanoleuca; Niba Mountain corridor; suitable habitat; habitat selection;
principal component analysis

1. Introduction

The giant panda is an endemic species in China and the flagship species of global
wildlife conservation. Currently, the species is distributed in six mountains: Qinling [1],
Minshan [2], Qionglai [3], Daxiangling [4], Xiaoxiangling [5], and Liangshan [6,7]. In recent
decades, the giant panda population has decreased, with suitable habitat areas becoming
increasingly shrunken and fragmented due to an imbalance between economic develop-
ment and ecological conservation [8,9]. Habitat reduction and increased fragmentation are
urgent challenges for the survival and recovery of the giant panda today [10].
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To effectively protect the giant panda’s habitats, the establishment of habitat corridors
for the giant panda has been widely considered [11]. In 2007, with the support of the
World Wildlife Fund, the earliest exploration of giant panda habitat corridor construction
began in the Tudeling area, connecting the A and B populations of the giant panda in
Minshan [12]. According to the Fourth National Giant Panda Survey (2011–2014), four
giant panda corridor zones were identified in the distribution area of the giant panda. The
Niba Mountain giant panda corridor zone, located in the Daxiangling Mountains, was
identified as a priority ecological corridor for construction [13]. There has been no historical
distribution of the giant panda in Niba Mountain, and no traces of giant panda activity
were found in the area during the Fourth National Giant Panda Survey. Niba Mountain
was classified as a key corridor area connecting the Daxiangling giant panda population
and the Qionglai population. The construction of giant panda corridors is important for
alleviating the declining genetic diversity of giant panda populations among different
mountains [14]. In recent years, Gong et al. found that the habitat pattern of the giant
panda is an important basis for corridor site selection. Additionally, they suggested that the
study of all habitat-related microhabitat factors should be focused on [15]. Habitat studies
of the giant panda corridor can more fully reveal the giant panda’s survival status, habitat
environment, and threats they face. This is crucial for the population recovery and habitat
conservation of wild giant pandas [16].

Various constraints affect the habitat selection of the giant panda, including topog-
raphy (elevation, slope, and aspect) and community structure (tree size and bamboo
cover) [17]. These constraints may affect giant panda mobility, shelter availability, and the
palatability of edible bamboo for the panda [18]. Previous studies showed that between
1999–2000 and 2011–2014, the giant panda in several mountains in Sichuan experienced a
shift in habitat use. The giant panda increasingly utilized secondary forests, which had re-
covered due to protective measures. The giant panda migrated to higher elevations, despite
the availability of bamboo food sources at lower elevations [10]. The implementation of
natural forest conservation programs, infrastructure construction, livestock encroachment,
and a range of emerging threats may have affected giant panda habitat selection [10].

Previous studies have also investigated the giant panda’s habitat selection in the
Daxiangling Mountains and reported changes in the habitat selection of this species be-
tween 2001 and 2020 [4,19,20]. However, these studies only described the overall habitat
selection of the giant panda throughout the year. The habitat selection and utilization
of the giant panda under the influence of different environmental conditions in different
seasons were not further investigated. The habitat selection of the giant panda varies over
time. Furthermore, they found that highly edible bamboo and good shelter sites had an
important influence on the habitat selection of the giant panda [18]. The giant pandas feed
mainly on Chimonobambusa szechuanensis and Qiongzhuea multigemmia at lower elevations
(1500–2200 m) and Arundinaria faberi at higher elevations (2000–2600 m) in the Daxiangling
Mountains [21,22]. However, changes in the distribution and microhabitat selection of giant
panda habitats in different seasons in the same region have rarely been assessed. Determin-
ing a suitable habitat distribution pattern and selection characteristics within the protected
area is essential for formulating a scientific and reasonable giant panda conservation and
management plan [8]. Therefore, based on the sample data of giant panda occurrence
sites collected during 2020–2022, this study aimed to apply MaxEnt and other methods to
evaluate the habitat selection characteristics, including the spatial distribution pattern of
suitable habitats for the giant panda in the Daxiangling Niba Mountain corridor [23]. The
research conclusions can provide a scientific reference for giant panda habitat conservation
and management in the area.

2. Materials and Methods

2.1. Study Area

The Daxiangling Mountains are located in the transition zone between the Sichuan
Basin and the Qinghai–Tibet Plateau in the eastern part of the Hengduan Mountains,
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covering an area of about 6440 km2. The vegetation in the region has obvious vertical
distribution zones, and the distribution order is evergreen broad-leaved forest (below
1400 m), deciduous broadleaf forest (1400–1800 m), mixed coniferous forest (1800–2600 m),
coniferous forest (2600–3100 m), and alpine scrub meadow (above 3100 m) [24].

According to the results of the Fourth National Giant Panda Survey, there are 14 wild
giant pandas distributed in the Daxiangling Reserve and Longcang Valley [18]. Daxiangling
is the main conservation area of the Yingjing Area of Giant Panda National Park and one
of the key areas of Giant Panda National Park [25,26]. The Daxiangling Niba Mountain
giant panda ecological corridor (102◦29′–102◦52′ E, 29◦28′–29◦43′ N) is located in the south-
western part of the reserve in Yingjing County and Hanyuan County, Sichuan Province,
covering an area of about 38.5 km2. The National Road 108 (G108) Ya’an section and the
G5 Yaxi Expressway Niba Mountain tunnel were completed and opened to traffic in 2000
and 2012, respectively. Both cross the corridor from north to south. For the construction
of these highways, many bamboo trees were cut down, which are major food sources for
pandas. Furthermore, frequent human activities have caused the separation of the giant
panda habitat in Daxiangling [24]. The Niba Mountain corridor has also become a key area
for the exchange of giant panda populations in the Daxiangling Mountains [13].

2.2. Giant Panda Habitat Selection Analysis

From October 2020 to April 2022, the data of giant panda traces were recorded using
the sample line method and infrared camera monitoring method, and a sample survey
was conducted in March–April and October–November (from 2020 to 2022) in the areas
where giant panda traces were recorded to determine the preferred environmental factors
of the giant panda habitat. A total of 34 sample lines ≥3 km were set at intervals of ≥500 m.
The sample lines covered as many vegetation types and as many potential giant panda
distribution areas as possible. Combining data from 158 infrared cameras placed in the
study area, the entire Daxiangling Reserve was divided into 145 square grids of 2 km2 each,
with each camera spaced at least 500 m apart to ensure uniform camera coverage (Figure 1).
Ten microhabitat variables were recorded in a 10 × 10 m sample square centered on the
site of giant panda traces. The classification criteria for different environmental variables
are shown in Table 1. A control sample was randomly set up along the sample line for
every 500 m of walking or 100 m of elevation climb without traces of giant panda activity
to reflect the environmental background information, and the setting and habitat variables
of the control sample were recorded in the same way as the utilization sample [27]. A total
of 348 samples were set up [23].

Figure 1. Map of infrared camera sites and giant panda occurrence sites in the study area.
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Table 1. Classification criteria for microhabitat variables.

Microhabitat Variable Classification Criteria

Altitude

<1400 m (evergreen broadleaf forests);
1400–1800 m (deciduous broadleaf forests);

1800–2600 m (mixed coniferous forests);
2600–3100 m (coniferous forests); >3100 m

(alpine scrub meadows)

Aspect

<22.5◦, >337.5◦(N); 22.5◦–67.5◦(NE);
67.5◦–112.5◦(E); 112.5◦–157.5◦(SE);

157.5◦–202.5◦(S); 202.5◦–247.5◦(SW);
247.5◦–292.5◦(W); 292.5◦–337.5◦(NW)

Slope <15◦; 15◦–30◦; >30◦
Average height of trees <8 m; 8–12 m; >12 m

Average diameter at breast height of trees <17 cm; 17–25 cm; >25 cm
Tree coverage <25%; 25–55%; >55%
Shrub height <3 m; 3–4 m; >4 m

Shrub coverage <30%; 30–50%; >50%
Average height of bamboo <1 m; 1–2 m; >2 m

Bamboo coverage <20%; 20–35%; >35%

These habitat selection and ecological niche data were input into Excel for the relevant
conversions. Following the conversion, the data were entered into SPSS13.0 for normality
testing via the one-sample K-S test. Data that conformed to a normal distribution were
tested through one-way analysis of variance (ANOVA), and data that did not conform to a
normal distribution were tested using the Mann–Whitney U test.

2.3. Construction of a Suitable Habitat Model for the Giant Panda in the Niba Mountain Corridor

The estimation of suitable habitats for giant pandas in the study area was performed
using the MaxEnt model. A total of 62 giant panda occurrence sites were obtained in
the field, with 44 and 18 occurrence sites in the rainy and snow seasons, respectively.
To reduce autocorrelation, an 1125 m radius buffer was generated in ArcGIS 10.2 with
giant panda occurrence sites in the rainy and snow seasons. When the occurrence site
buffers overlapped with each other, one of them was randomly retained, and the rest
were eliminated, resulting in 20 and 10 occurrence sites retained in the rainy and snow
seasons, respectively [27]. The giant panda has rigorous requirements for habitat, usually
choosing primary forests with low human interference [28,29]. Climate and land-use types
are also important factors that influence the spatial distribution of the giant panda [9,30].
Therefore, climate, topography, vegetation, and human disturbance are important factors
affecting the spatial distribution of the giant panda. In the construction of the model, the
above variables were selected to evaluate the habitat. Access to each variable is shown in
Table 2 [23]. Because the prediction accuracy of the model was affected by the correlation
between environmental factors, the “caret” function in R 4.2.1 was used to remove the
highly correlated variables, and the factors with Pearson correlation coefficients greater
than 0.8 were removed. Finally, nine factors were retained (Table 2).

Table 2. List of environmental factors for habitat suitability evaluation of the giant panda in the
study area.

Types Factor Codes Description of Factors Unit Data Sources

Climate Bio2 Mean Diurnal Range ◦C
Worldclim

(http://www.worldclim.org/,
accessed on 7 November 2021)

Bio7 Temperature Annual Range ◦C
Bio11 Mean Temperature of Coldest Quarter ◦C
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Table 2. Cont.

Types Factor Codes Description of Factors Unit Data Sources

Topography Aspect Aspect ◦
Geospatial data cloud

(http://www.gscloud.cn/,
accessed on 6 November 2021)

Slope Slope ◦

Interfere Road Distance to roads m The 4th Survey Report on Giant
Panda in Sichuan Province

Village Distance to villages m

Resources River Distance to rivers m

Resource and environment
science and data center
(http://www.resdc.cn/,

accessed on 6 November 2021)

Vegetation

Vegetation types categorical variable,
divided into six categories: evergreen
broadleaf forest, deciduous broadleaf

forest, mixed coniferous forest,
coniferous forest, alpine scrub

meadows, and other lands

/

In total, 75% of the occurrence sites of the giant panda were selected for modeling,
and 25% of the occurrence sites were retained for validation. The importance of each
environmental factor was assessed using the Jackknife method, and the output was in
the logistic format. The model prediction results were tested using the receiver operating
characteristic (ROC) curve [31]. The evaluation criteria were as follows: the area enclosed
by the ROC curve and the area under the curve (AUC value) was 0.5–0.6 for failure,
0.6–0.7 for poor, 0.7–0.8 for fair, 0.8–0.9 for good, and 0.9–1.0 for excellent [32]. The means of
10 calculation results were averaged to gain the habitat suitability index (HSI). The suitable
habitat range in the study area was divided using Youden’s index as the threshold.

2.4. PCA of Microhabitat Factors for Giant Panda Habitat Selection in the Niba Mountain Corridor

PCA can project the high-dimensional original data onto the low-dimensional mutually
orthogonal principal components. This process can maximize the information content
of the original data while reducing the dimensionality of the data and can effectively
overcome the correlation or multicollinearity problem between variables through mutually
orthogonal principal components [27]. The raw data of giant panda microhabitat variables
were analyzed using PCA; the mean and covariance matrices of the sample data matrix
were calculated, and the eigenvalue of the correlation matrix was found. The principal
components with eigenvalues >1 were extracted, and each principal component and its
contribution rate were derived from the eigenvalue to determine the factors that play a
major role in giant panda habitat selection [33]. PCA was performed in IBM SPSS Statistics
26.0. In the statistical analysis, p < 0.05 was considered statistically significant.

3. Results

3.1. Results of Giant Panda Habitat Selection Analysis

The giant panda occurrence sites included 18 sites recorded using the sample line
method and 26 sites photographed by infrared cameras in the rainy season. All occurrence
sites were photographed by infrared cameras during the snow season. The total number of
control samples was 155 in the rainy season and 131 in the snow season (Table 3).
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Table 3. Comparison of microhabitat characteristics of the giant panda during the rainy and snow
seasons (mean ± standard deviation).

Microhabitat
Variable

Rainy Season Snow Season

Microhabitat Control
Advantageous

Plants
Microhabitat Control

Advantageous
Plants

Altitude (m) 2147.84 ± 232.44 2153.98 ± 386.02 2209.17 ± 227.09 2074.75 ± 294.52
Aspect (◦) 158.98 ± 96.05 184.65 ± 106.14 141.39 ± 115.69 177.97 ± 104.63
Slope (◦) 13.41 ± 9.32 14.41 ± 10.18 8.89 ± 5.87 12.93 ± 10.29

Average height of
trees (m) 10.98 ± 4.60 12.61 ± 5.36 Acer oliverianum

Pax (9.41 ± 4.17) 12.28 ± 3.88 11.83 ± 4.22 Abies fabri
(13.27 ± 3.80)

Average diameter at
breast height
of trees (cm)

24.27 ± 14.32 19.23 ± 8.80 27.41 ± 19.46 17.72 ± 6.06 19.88 ± 8.78 19.27 ± 6.23

Tree coverage (%) 38.30 ± 16.21 40.14 ± 18.16 37.94 ± 18.63 40.56 ± 16.35 38.00 ± 14.64 42.73 ± 11.26

Average height of
shrub (m) 2.47 ± 1.60 3.21 ± 1.19 3.58 ± 0.58 3.34 ± 0.87

Shrub coverage (%) 18.75 ± 16.54 26.84 ± 16.36 27.22 ±7.71 24.42 ± 10.85

Average height of
bamboo (m) 2.12 ± 1.11 1.77 ± 1.45

Qiongzhuea
multigemmia
(1.91 ± 0.47)

2.39 ± 0.54 1.78 ± 1.37
Arundinaria

faberi
(2.36 ± 0.46)

Bamboo coverage (%) 59.32 ± 21.20 41.87 ± 31.71 57.78 ± 21.85 63.06 ± 24.32 35.00 ± 29.51 64.50 ± 23.51

The one-sample K–S test was performed for 10 ecological factors in the habitat selection
and control plots. The results showed that six variables—namely, the altitude, average
height of trees, diameter at breast height of trees, tree coverage, the average height of
shrub, and bamboo height—were normally distributed, while the other four variables,
including aspect, were not. The plot type was used as the control variable for the ANOVA.
In normally distributed variables, there were significant differences between altitude,
the average height of trees, and diameter at the breast height of trees (p < 0.05), but no
significant differences between tree coverage, average height of trees, and the average
height of bamboo (p > 0.05). In the control and habitat selection plots, the Mann–Whitney
U test revealed significant differences between two variables, namely shrub cover and
bamboo cover (p < 0.05). However, there was no significant difference between the aspect
and slope (p > 0.05; Table 4).

Table 4. Comparison of variables in habitat selection plots and control plots in the study area by
analysis of variance (ANOVA) and Mann–Whitney U tests.

Microhabitat Variable

Rainy Season Snow Season

ANOVA Mann–Whitney U Test ANOVA Mann–Whitney U Test

F (p) U (p) F (p) U (p)

Altitude (m) 40.04 (0.00 ***) 36.07 (0.00 ***)
Aspect (◦) 171,173 (0.17) 165,673 (0.08)
Slope (◦) 167,424 (0.10) 197,344 (0.11)

Average height of trees (m) 35.70 (0.00 ***) 45.50 (0.00 ***)
Average diameter at breast

height of trees (cm) 9.95 (0.01 **) 10.03 (0.01 **)

Tree coverage (%) 2.76 (0.97) 2.67(0.93)

Average height of shrub (m) 0.15 (0.70) 0.21 (0.83)
Shrub coverage (%) 163,905 (0.04 *) 164,335 (0.04 *)

Average height of bamboo (m) 6.20 (0.13) 6.17 (0.11)
Bamboo coverage (%) 146,994 (0.00 ***) 133,885 (0.00 ***)

* p < 0.05, ** p < 0.01, *** p < 0.001.
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In both seasons, giant pandas preferred medium altitudes (2000–2400 m), southeastern
slopes, and areas with slopes of 15◦. The average elevation preferred by the giant panda in
the snow season (2209 m) was higher than that in the rainy season (2147 m), i.e., a difference
of 62 m. The giant panda was captured at an average aspect of 158.98◦ during the rainy
season and 141.39◦ during the snow season. Furthermore, the giant panda was captured at
an average slope of 13.41◦ during the rainy season and 8.89◦ during the snow season.

The preferred community structure of the giant panda habitat was characterized by
a preference for tall (8–15 m), large (17–25 cm) diameter at breast height, and moderately
dense (25–55%) trees; short (<4 m) and sparse (<30%) shrub; and tall (>2 m) and dense
(>35%) bamboo trees in both seasons. The mean height of trees during the rainy season
(10.98 m) and the snow season (12.28 m) were both greater than 8 m. The mean diameter at
the breast height of trees during the rainy season (24.27 cm) and the snow season (17.72 cm)
were both greater than 17 cm. Furthermore, the depression of trees during the rainy season
(38.30%), and the snow season (40.56%), were both greater than 25%. The mean height of
the shrub during the rainy season (2.47 m) and the snow season (3.58 m) were both less
than 4 m. Additionally, the shrub cover during the rainy season (18.75%) and the snow
season (27.22%) were both less than 30%. The mean height of the bamboo during the rainy
season (2.12 m) and the snow season (2.39 m) were both greater than 2 m. Furthermore, the
bamboo cover during the rainy season (59.32%) and the snow season (63.06%) were both
greater than 30%.

3.2. Assessment of Suitable Giant Panda Habitat in the Niba Mountain Corridor

According to the ROC test results of the Maxent model, the AUC values were 0.964
and 0.967 for the rainy and the snow seasons, respectively, the prediction accuracy reached
the level of “excellent,” and the maximum Youden’s index values were 0.316 and 0.527,
respectively. The prediction results were transformed in ArcGIS 10.2. The results showed
that the suitable habitat areas for the giant panda in the rainy and snow seasons were
about 95.61 km2 and 41.56 km2, respectively, accounting for 7.30% and 3.17% of the total
area of the study area, respectively. In addition, most of the suitable habitat areas for the
giant panda in the rainy and snow seasons were located between 1800–2600 m (mixed
coniferous and broad forest). The area of suitable habitat for the giant panda in the
snow season overlapped with that in the rainy season, while the overlapping area of
suitable habitat in the rainy and snow seasons was about 26.85 km2, with an area overlap
rate of 24.34%. Suitable habitats in the rainy season were located in the western part of
the Daxiangling Reserve, in Niba Mountain, and the Longcang Valley (Figure 2), while
suitable habitats in the snow season were mainly located in Niba Mountain (Figure 3).
The area of the west side of G108 in the rainy and snow seasons was about 55.88 km2 and
19.86 km2, respectively, while the area of the east side of G108 was approximately 22.23 km2

and 14.12 km2, respectively. The suitable habitat during the rainy season was located in the
eastern periphery of the Daxiangling Reserve in the Longcang Valley, with an area of about
17.14 km2; the suitable habitat during the snow season was also scattered in the eastern part
of the Reserve, and the periphery of the Longcang Valley, with an area of about 7.07 km2.
The distribution of suitable habitats in both the rainy and snow seasons showed obvious
fragmented characteristics.
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Figure 2. Suitable giant panda habitat during the rainy season.

 
Figure 3. Suitable giant panda habitat during the snow season.

3.3. Main Factors Affecting Microhabitat Selection in the Giant Panda

Among the 10 principal components of the rainy season and snow season, the eigen-
values of the first four principal components were >1, and the cumulative contributions
reached 62.71% and 58.64% during the rainy and snow seasons, respectively. The first
four principal components were extracted, and their corresponding eigenvectors were
calculated. The variables with higher loadings in PC1 during the rainy and snow seasons
were the mean height of the tree layer (10.98 m), the mean height of bamboo (2.12 m),
the mean height of the tree layer (12.28 m), and the mean diameter at breast height of
the tree layer (17.72%). The variables with higher loadings in PC2 were the mean height
of the shrub layer (2.47 m), the shrub layer cover (18.75%), the mean height of bamboo
(2.39 m), and the bamboo cover (63.06%). The variables with higher loadings in PC3 were
the mean height of bamboo (59.32%) and the shrub layer cover (27.22%). Furthermore, the
variables with higher loadings in PC4 for both the rainy and snow seasons were altitudes
of 2147.84 m and 2209.17 m, respectively (Tables 5 and 6).
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Table 5. Principal component analysis loadings of habitat factors at the microhabitat scale of the giant
panda during the rainy season.

Microhabitat Variable
Rainy Season

PC1 PC2 PC3 PC4

Altitude (m) −0.023 0.000 −0.400 0.516
Aspect (◦) 0.074 0.170 0.031 −0.781
Slope (◦) −0.244 0.176 −0.302 0.148

Average height of trees (m) 0.711 0.413 −0.254 −0.007
Average diameter at breast

height of trees (cm) 0.679 0.129 −0.307 −0.176

Tree coverage (%) 0.567 0.277 −0.367 0.059
Average height of shrub (m) 0.065 0.790 0.387 0.203

Shrub coverage (%) −0.267 0.776 0.347 0.055
Average height of bamboo (m) 0.714 −0.229 0.372 0.165

Bamboo coverage (%) 0.552 −0.343 0.569 0.145
Eigenvalue 2.245 1.721 1.279 1.026

Contribution (%) 22.450 17.213 12.790 10.258
Cumulative contribution (%) 22.450 39.663 52.453 62.711

Table 6. Principal component analysis loadings of habitat factors at the microhabitat scale of the giant
panda during the snowy season.

Microhabitat Variable
Snow Season

PC1 PC2 PC3 PC4

Altitude (m) −0.154 0.257 −0.242 0.616
Aspect (◦) −0.235 −0.018 0.204 −0.672
Slope (◦) −0.038 −0.231 −0.324 0.360

Average height of trees (m) 0.810 −0.051 0.206 0.062
Average diameter at breast

height of trees (cm) 0.785 −0.109 0.000 −0.055

Tree coverage (%) 0.642 −0.170 0.098 0.084
Average of shrub height (m) −0.083 0.365 0.604 0.274

Shrub coverage (%) −0.136 0.227 0.706 0.216
Average height of bamboo (m) 0.252 0.802 −0.160 −0.149

Bamboo coverage (%) 0.153 0.792 −0.295 −0.133
Eigenvalue 1.877 1.617 1.233 1.136

Contribution (%) 18.772 16.175 12.330 11.359
Cumulative contribution (%) 18.772 34.947 47.277 58.636

4. Discussion

4.1. Main Activity Area of the Giant panda in the Niba Mountain Corridor

According to the data from previous giant panda surveys, there were no traces of
giant panda activity in Niba Mountain before 2015 [18]. A trail of giant panda activity was
discovered in Niba Mountain in 2016. Infrared cameras began to be placed in 2017, and
giant panda activity was photographed in 2018. The traces of giant panda activity were
recorded during different seasons in the Niba Mountain corridor (Figure 1). Furthermore,
the giant pandas were spread out in the middle of the corridor. Therefore, the giant panda
may have been able to use the corridor to migrate, and the planning of the giant panda
corridor in Niba Mountain is reasonable.

In 2012, the G5 Niba Mountain tunnel was completed and put into use, and the traffic
flow of the G108 dropped sharply, which greatly reduced the transportation disruption in
Niba Mountain. However, the vegetation in the area is still in a slow recovery stage, and
no giant panda activity was found during the Fourth Survey [34]. In 2015, the planning of
the Niba Mountain giant panda corridor was completed, and vegetation restoration work
began in Niba Mountain [13]. Traces of giant panda activity were recorded in 2016, which
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indicates that it will take at least 4 years for the vegetation within an 1125 m radius of giant
panda activity on the left and right sides of G108 to recover to a stage that can be utilized
by the giant panda. We found that some human activities, such as bamboo shoot collection,
grazing, and medicinal plant collection, occurred within an 1125 m radius of giant panda
activity. However, human activities are controlled on a limited scale. Therefore, no major
disturbance impacting the activities of the giant panda in the area has occurred [35].

4.2. Giant Panda Microhabitat Characteristics in the Niba Mountain Corridor

Our study showed that there were distinctive features of giant panda habitat selection
in the study area. The giant panda chose to move in southeastern, gently sloping areas
at medium altitudes with tall trees in both seasons, which is consistent with the results
reported by Fu et al. and Bai et al. [17,18]. The giant panda always chose habitats with
lower energy consumption requirements as well as higher nutritional value and net energy
gain [36]. A survey of the microhabitats of the giant panda in Niba Mountain clarified that
the suitable habitat characteristics of the giant panda in this area were similar to those in
other areas of Sichuan Province [17,23,37].

The giant panda preferred to move at moderate altitudes in both seasons, but the
average distribution elevation in the snow season was about 62 m higher than that in the
rainy season. We believe that this may be related to their preference to feed on bamboo
species in different seasons. The giant panda prefers to feed on Qiongzhuea multigemmia
and Chimonobambusa szechuanensis at relatively low altitudes (1500–2200 m) in the rainy
season and Arundinaria faberi at relatively high altitudes (2000–2600 m) in the snow season.
This indicates that the giant panda constantly migrates according to the seasons to meet
their energy needs [38], similar to the findings of Chen et al. and Liu et al. on the existence
of “seasonal vertical movement” in the giant panda [39,40]. Human activities in the
Daxiangling Mountains are mainly concentrated in valley areas at low altitudes (<1400 m).
There are few human activities in the high-altitude areas (>1800 m) where the giant panda
is active, and the giant panda can avoid anthropogenic disturbance by choosing middle-
and high-altitude areas as their habitat [10,11]. The results of PCA showed that altitude and
bamboo growth status were significantly associated with the habitat preference of the giant
panda. This is because different altitudes can provide different cumulative temperatures
for the bamboo. For example, Qiongzhuea multigemmia only reaches the conditions for shoot
development at an altitude of 1500–2200 m above sea level and when its accumulated
temperature reaches a certain standard, coupled with the high ambient precipitation in
March [41]. Our results indicated that altitude affects the bamboo shoot collection, the
staple food of the giant panda, and thus influences the habitat selection of the giant panda
in different seasons.

The Maxent model was used to predict the exact distribution and area of suitable giant
panda habitats in the region during different seasons. The distribution of suitable giant
panda habitats was more fragmented in snow than in rainy seasons. With the construction
of the corridor, the suitable habitat area for the giant panda in the Daxiangling Reserve
and Longcang Valley reached about 95.61 km2 in the rainy season and 41.56 km2 in the
snow season, which can promote further rejuvenation of the giant panda population. The
suitable habitat area for giant pandas in the snow season overlapped with that during
the rainy season. The overlapping area was about 26.85 km2, which accounts for 24.34%
of the total suitable habitat area. The overlapping area, which was primarily distributed
in Niba Mountain, was also the core area for the giant panda’s year-round activities [40].
This is because the giant panda prefers to select different bamboo species distributed at
different elevations and in different seasons. Furthermore, this verifies the research result
that the average distribution elevation of the giant panda in the snow season is about 62 m
higher than in the rainy season. The next step will be to introduce a finer level (four levels:
most suitable, suitable, less suitable, and unsuitable) of assessment criteria for giant panda
habitat assessment in the study area to explore the potential habitat and dispersal pathways
of giant pandas in the study area.
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The results showed significant seasonal differences in the selection of microhabitats
by the giant panda, reflecting that the species has different resource requirements in
different seasons [42].

4.3. Newly Recorded Site for Giant Panda Activity in the Middle of the Niba Mountain Corridor

A giant panda activity trail was discovered in the central part of the Niba Mountain
corridor in 2019. Two infrared cameras captured giant panda activity in February 2022.
Both sites are located within the Niba Mountain giant panda corridor, and it is possible
that the giant panda in Niba Mountain is spreading westward along the corridor or the
giant panda in the Longcang Valley is spreading eastward. The Niba Mountain corridor
is a dispersal channel for the giant panda populations on the left and right sides, creating
conditions for the exchange of giant panda populations between the two sides. However,
at present, the Niba Mountain corridor is only planned to be about 5 km east of the G5
in the central part of the reserve and does not reach the Longcang Valley. Therefore, it is
suggested that another ecological corridor for the giant panda can be planned from the
central part of the reserve to the Longcang Valley. Alternatively, the eastern part of the Niba
Mountain corridor can be extended to the Longcang Valley to strengthen the exchange of
giant panda populations [18]. In 2016, a new point of giant panda activity was discovered
in Niba Mountain, and in 2019, it was discovered in the middle of the Niba Mountain
corridor. This indicates that it takes about 3 years for the giant panda to move from the
west to the east of the reserve and from the north to the south [35].

We are aiming to better verify the actual role of the Niba Mountain giant panda
corridor in the dispersal of the giant panda. In the next step, biological samples such
as fresh feces will be collected from the giant panda in different areas. Then, we will
explore the genetic diversity of the giant panda population by combining microsatellite and
mitochondrial control regions, using feces as the main experimental material. Furthermore,
we will explore the origin of newly recorded giant panda occurrence sites in the central
part of the country to determine the dispersal path of the giant panda population in the
Daxiangling Mountains [43].

As one of the important methods used to connect local populations of the giant panda
and restore their habitat, giant panda corridors have been established in key areas under
the requirements of China’s giant panda habitat management plan. The establishment of
these corridors has restored vegetation in the relevant areas, connected the more severely
fragmented giant panda populations, and promoted exchanges between various giant
panda populations [44]. The construction of the G5 Niba Mountain tunnel also provides a
reference for the conservation of giant panda habitat in other mountain systems in Sichuan
Province, demonstrating that it is possible to minimize the impact on the connectivity of
the original giant panda habitat using elevated roadways or tunnels. This strategy not
only meets the transportation development needs of human society but also maintains
the normal distribution and dispersal of giant panda populations to a certain extent. We
recommend monitoring the movement of the giant panda near roads and their use of
corridors (e.g., road tunnels) to evaluate the impact of corridors on the giant panda. Further
research should assess the effects of bamboo cover on the foraging and movement of the
giant panda. In addition, it is suggested that field patrols be strengthened to decrease
human activities in the giant panda habitat, including grazing, herb collection, bamboo
shoot collection, and hunting. The future production and living modes of residents can be
driven by ecological tourism development and the exploration of agricultural and sideline
products with regional characteristics, which may change the negative attitudes of residents
toward ecological conservation. This method can promote the industrial transformation to
realize the balanced development of economic construction and ecological conservation [18].
Additionally, the Daxiangling Mountains should focus on the continuous conservation of
major habitats for the giant panda, decrease habitat fragmentation caused by anthropogenic
interference, and strengthen habitat restoration for the giant panda [23].
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5. Conclusions

The present study shows that the giant panda prefers to move to medium-altitude
areas; southeastern slopes; and areas with slopes less than 15◦, with an overlap of suitable
habitats in both seasons. Due to the opening of the G5 Niba Mountain tunnel and the
completion of the Niba Mountain giant panda corridor plan, the recovery of vegetation
within the Niba Mountain giant panda corridor has led to the emergence of giant panda
activity in the area, which may have spread to the central part of the reserve through the
corridor. The findings can provide a reference for the future planning and construction of
giant panda corridors.
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Simple Summary: Fire is traditionally used by farmers for clearing fields when the fallow period is
short. Soil chemical properties changed significantly after burning and returned to prefire levels after
1 year. Bacillus, HSB OF53-F07, Conexibacter, and Acidothermus abundances increased immediately
after burning and then significantly declined, with lower levels 1 year after burning. Anaeromyxobacter
and Candidatus Udaeobacter dominated at 1 year after burning. Burning under high soil moisture
conditions and within a very short time caused no effect to the bacterial soil communities.

Abstract: Rice straw and stubble burning is widely practiced to clear fields for new crops. However,
questions remain about the effects of fire on soil bacterial communities and soil properties in paddy
fields. Here, five adjacent farmed fields were investigated in central Thailand to assess changes in soil
bacterial communities and soil properties after burning. Samples of soil prior to burning, immediately
after burning, and 1 year after burning were obtained from depths of 0 to 5 cm. The results showed
that the pH, electrical conductivity, NH4-N, total nitrogen, and soil nutrients (available P, K, Ca,
and Mg) significantly increased immediately after burning due to an increased ash content in the
soil, whereas NO3-N decreased significantly. However, these values returned to the initial values.
Chloroflexi were the dominant bacteria, followed by Actinobacteria and Proteobacteria. At 1 year
after burning, Chloroflexi abundance decreased remarkably, whereas Actinobacteria, Proteobacteria,
Verrucomicrobia, and Gemmatimonadetes abundances significantly increased. Bacillus, HSB OF53-
F07, Conexibacter, and Acidothermus abundances increased immediately after burning, but were lower
1 year after burning. These bacteria may be highly resistant to heat, but grow slowly. Anaeromyxobacter
and Candidatus Udaeobacter dominated 1 year after burning, most likely because of their rapid growth
and the fact that they occupy areas with increased soil nutrient levels after fires. Amidase, cellulase,
and chitinase levels increased with increased organic matter levels, whereas β-glucosidase, chitinase,
and urease levels positively correlated with the soil total nitrogen level. Although clay and soil
moisture strongly correlated with the soil bacterial community’s composition, negative correlations
were found for β-glucosidase, chitinase, and urease. In this study, rice straw and standing stubble
were burnt under high soil moisture and within a very short time, suggesting that the fire was not
severe enough to raise the soil temperature and change the soil microbial community immediately
after burning. However, changes in soil properties due to ash significantly increased the diversity
indices, which was noticeable 1 year after burning.

Keywords: paddy field; soil organic carbon; soil total nitrogen; microbial diversity; fire

1. Introduction

Rice straw comprises a major agricultural residue in Thailand. However, large
amounts of rice straw are left in fields after harvesting, which are then often burned
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to prepare the land for the following crops [1,2]. The production of rice straw in Thailand
has been estimated at over 20 million tons per year [3]. Among the rice cultivation areas in
Thailand, the central region has the highest potential, with two harvests a year. According
to the agricultural statistics of Thailand, the total area of the first rice harvest in central
Thailand was 1.31 million ha in the crop year of 2020/2021 (3.74 tons ha−1 in average yield),
whereas the second rice harvest area covered 0.54 million ha (4.33 tons ha−1 in average
yield) [4]. This could be explained by its location in the floodplains of the Chao Phraya
river basin, which facilitates water availability, thus, encouraging farmers to prepare their
lands for the following crops as soon as possible. In this sense, burning is the method of
choice for rapidly eliminating rice straw and stubble. If left in the field, rice straw and
stubble can represent obstacles for land preparation, and using fire is also the most efficient
method for controlling weeds and pests [5,6].

Direct burning in fields significantly changes the soil temperature, moisture, and
organic matter content, especially in the topsoil layer [7,8], resulting in an abrupt decline in
microbial biomass and diversity [9]. Mickovski [10] reported that burning rice straw and
stubble resulted in an increase in soil temperatures by up to 50–70 ◦C in the uppermost
0 to 3 cm of soil, causing a 77% decrease in heterotrophic microorganisms. Biederbeck
et al. [11] also found that bacterial populations in the topsoil layer (0–2.5 cm) were reduced
by >50% in rice straw burning areas compared to areas where the rice straw remained
in the fields. Furthermore, Kumar et al. [12] reported that paddy straw burning reduced
the populations of bacteria, fungi, actinomycetes, phosphate-solubilizing microorganisms,
potassium-solubilizing microorganisms, cellulose, and microbial enzymes.

Changes to the physical and chemical properties of soil after burning also affect the
structure of soil bacterial communities due to the properties of rice straw ash [13]. Duan
et al. [14] stated that rice straw ash is alkaline and mainly contains potassium oxide and
silicon dioxide; silicon plays a crucial role as a biological stimulant for plant growth [15].
The ash causes changes in the soil pH, affecting the abundance of soil microorganisms. Guo
et al. [16] and Zhao et al. [17] reported that changing the soil pH resulted in changes in the
abundance of Acidobacteria in rice–wheat cropping systems, whereas the abundances of
Proteobacteria, Gemmatimonadetes, and Nitrospirae in soil were modified due to changes
in nitrogen, phosphorus, and potassium levels. Avoiding the burning of rice straw by
incorporating it into the soil can improve soil nutrient contents by increasing carbon and
nitrogen concentrations, thus, affecting the structure of soil bacterial communities. In a
study by Zhao et al. [17], the population of Proteobacteria increased following the addition
of rice straw due to an increase in soil nitrogen levels. Currently, the incorporation of rice
straw into soil is not always cost-effective for farmers in central Thailand, and, thus, burning
is the most effortless and cheapest practice for clearing fields when the fallow period is
short. However, the effects of burning rice straw and stubble on soil properties and soil
bacterial communities remain poorly understood. We hypothesized that soil nutrients would
increase, but that soil bacterial communities would decrease after a fire. The objectives
of the present study were as follows: (1) to determine the effects of fire on soil organic
carbon (SOC), soil total nitrogen (STN), and soil nutrients in paddy fields; (2) to examine
changes in the composition and diversity of soil bacterial communities as a result of rice
straw and stubble burning; and (3) to analyze the relationship between soil nutrients and
soil bacterial communities. The results of this study provide the scientific knowledge for
the minimization of postfire risks in paddy fields, which could contribute to implementing
suitable management practices for maintaining biodiversity and ecosystem functioning.

2. Materials and Methods

2.1. Study Site

The study was conducted in the Taluk subdistrict, Sapphaya district, Chainat province,
central Thailand. The area is located in the floodplain of the Chao Phraya river basin and
has a tropical savanna (Köppen ‘Aw’) climate, with an average annual temperature of
27.8 ◦C. April and May are the hottest months, with maximum temperatures in the range
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of 38–40 ◦C, whereas the lowest temperatures occur during December–February (18–23 ◦C).
The average annual precipitation ranges from 1000 to 1200 mm. The highest precipitation
is usually recorded in September, with a total monthly precipitation of 200–300 mm and
10–18 rainy days. The soil belongs to the Chainat series (Cn), which consists of fine, mixed,
active, nonacidic, and isohyperthermic Aeric (Vertic) Endoaquepts, and is predominantly
dark grayish brown and dark gray. The pH ranges from 5.5 to 6.5, and the soil texture is
characterized by silty clay or clay loam. The slopes range from 0 to 2%.

2.2. Field Management Practices and Fire Measurements

To avoid the effects of variation in environmental conditions, five adjacent farmed
fields were investigated in the Taluk subdistrict. The “RD 43” (95 days), “RD 57” (110 days),
and “RD 41” (105 days) rice varieties were planted twice a year. The pregerminated rice
seeds were sown using the broadcasting method, and chemical fertilizers were applied
using 46-0-0 (62.5 kg ha−1) and 16-20-0 (156.3 kg ha−1). Glyphosate (48% w/v SL) and
alachlor (48% w/v EC) were applied to control weeds, whereas acephate (75% S) and
chlorpyrifos (40% EC) were used for disease and insect control. A harvesting machine was
used for rice harvesting. Rice straw and stubble were burnt in the field once a year after
20–25 days of sun-drying in August. After 1–3 days of burning, tillage was started for the
second rice cultivation, which was harvested in November. As there was not sufficient
water for a third rice cultivation, the field was left to fallow for approximately 5 months
(December–April) to allow sufficient time for the natural decomposition of rice straw and
stubble, and the first rice cultivation was started in May, with harvesting in September.

Five replicated plots were investigated in each field to assess the effects of rice straw
and stubble burning on soil properties and bacterial communities, with an area of 5 × 5 m
for each plot (Figure 1). Burning was conducted at 10.00–12.00 am and took approximately
98–130 s for each plot (the average burning speed was 6.5 s m−2). Air, fire, and soil
temperatures as well as soil moisture were measured in each plot at three periods: before
burning (19 August 2021), immediately after burning (19 August 2021), and 1 year after
burning (27 August 2022). The fire temperature during burning was measured using an
infrared thermometer. The soil temperature and soil moisture were measured at a depth of
5 cm with a Thermocouple Type K and a soil moisture meter, respectively. Each plot was
burnt only once, meaning that there was no repeat burning even if rice straw and stubble
remained, reflecting the current burning practice.
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(a) (b) 

 
(c) 

Figure 1. Rice straw and stubble burning practices: (a) during burning, (b) postburning, and (c) one
year after burning. Photos were taken by Noppol Arunrat.

2.3. Sample Collection and Analysis

Soil samples before burning (preburning), immediately after burning (postburning),
and 1 year after burning were obtained from five adjacent fields. In each field, five replicated
plots at depths of 0–5 cm were investigated. In each plot, the soil samples were collected
from five positions (four positions at the four corners of the plot and one in the center).
Roots, grasses, stones, and residues were removed manually from the samples, which were
then mixed to obtain one composite sample for each field. Approximately 1 kg of soil
was placed into a plastic bag for the analysis of the soil physical and chemical properties.
Additionally, 100 g samples of soil were placed into zip-lock plastic bags, cooled, and
transported to the laboratory for the analysis of bacterial communities. To determine the
soil bulk density, a 5.0 × 5.5 cm soil core was taken from each layer, and bulk density was
measured after drying at 105 ◦C for 24 h.

Soil texture was determined using a hydrometer. The soil pH was measured with
a pH meter using 1:1 suspensions of solids in water [18]. Electrical conductivity (ECe)
was measured in saturation paste extracts using an EC meter [19]. The available calcium
(Ca), magnesium (Mg), and potassium (K) levels were measured with atomic absorption
spectrometry (NH4OAc pH 7.0 extraction) [20]. The available phosphorus (P) concentration
was determined using the molybdate blue method (Bray II extraction) [21]. The ammo-
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nium nitrogen (NH4-N) and nitrate-nitrogen (NO3-N) levels were measured with the KCl
extraction method, and total nitrogen (TN) was measured with the micro-Kjeldahl method.
The cation exchange capacity (CEC) was analyzed using the NH4OAc pH 7.0 method. The
organic carbon (OC) contents were determined following the method described by Walkley
and Black [22]. The SOC stock was estimated using the following equation:

SOC stock = OC × BD × L × 10, 000, (1)

where SOC is the soil organic carbon stock (Mg C ha−1), OC is the organic carbon (%), BD
is the soil bulk density (Mg m−3), and L is the soil thickness (m).

The STN stock was calculated using the following equation:

STN stock = TN × BD × L × 10, 000, (2)

where STN is the amount of soil total nitrogen (Mg N ha−1), TN is the total nitrogen (%),
BD is the soil bulk density (Mg m−3), and L is the soil thickness (m).

2.4. DNA Extraction, Bacterial 16s Amplification, and Sequencing

The DNA was extracted from approximately 0.25 g of soil using a DNeasy PowerSoil
Pro DNA Kit (Qiagen, USA). The hypervariable V3–V4 region was amplified with the 16s
rRNA gene using primers 341F (5′-CCTAYGG-GDBGCWSCAG) and 805R (5′-GGACTAC-
NVGGGTHTCTAAT-3′) [23]. Subsequently, the PCR products were sequenced using the
Paired-end Illumina Miseq platform (2 × 250 bp) at the Omics Sciences and Bioinformatics
Center of Chulalongkorn University (Bangkok, Thailand). All sequencing data associated
with this study can be found in the National Center for Biotechnology Information (NCBI)
under the BioProject accession number PRJNA881635.

2.5. Bacterial Taxonomic and Functional Identification

The bioinformatic analysis of the bacterial 16s rRNA gene was conducted on QIIME2
v. 2022.2 [24]. Raw sequence data were quality-filtered and merged, and chimera were
removed using the DADA2-plugin [25]. Amplicon sequence variants (ASVs) with less
than two sequence reads (singletons) were eliminated. Bacterial taxonomy was assigned
using the Silva v. 138 database [26,27], and ASVs that were assigned to mitochondria or
chloroplasts were removed. The remaining ASVs were then resampled and normalized to
a minimum number of sequences from each sample using the rarefy plugin. This rarefied
dataset was functionally assigned using PICRUSt2 [28] to predict the bacterial functions
based on marker genes. The gene families for the bacterial sequences were annotated
corresponding to the enzyme classification numbers (E.C. numbers). In this study, we
highlighted 15 soil enzymes that potentially indicated soil health [29]. The E.C. numbers
and names of these enzymes are presented in Supplementary Materials, Table S1.

2.6. Statistical Analysis

The soil properties before burning, immediately after burning, and after harvesting
(1 year after burning) were compared with a one-way ANOVA and post hoc Tukey’s HSD
tests. The visual graphics were generated with the ‘ggplot2’ package in the R environment
(v. 4.0.2) [30]. The alpha diversity indices, which included the observed richness, Chao-1,
Simpson, and Shannon indices, were computed and statistically compared among the
sites using the ANOVA (for normal distribution data) or Kruskal–Wallis tests (for non-
normal distribution data). Bacterial community and functional compositions were analyzed
and visualized through a principal coordinate analysis (PCoA) based on the Bray–Curtis
distance. The differences in compositions were tested using permutational multivariate
analyses of variance (PERMANOVAs). A redundancy analysis (RDA) was employed to
determine the influence of soil properties on soil bacterial community compositions, and
the significance of the correlation between them was confirmed using the Mantel test.
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3. Results

3.1. Soil Physical and Chemical Properties

No significant differences in soil moisture and soil temperature were found among
the three periods (preburning, postburning, and 1 year after burning) (Table 1). At a depth
of 5 cm, the soil moisture ranged from 45.1% to 48.4% in the preburning sites, and a slight
decrease to 44.5–46.0% was detected in the postburning samples. A rise in soil temperature
was measured at 25.9–26.8 ◦C after burning compared with preburning (25.7–26.5 ◦C).
During burning, the fire temperature in the litter layer ranged from 415.5 to 469.5 ◦C.

Table 1. Soil moisture and soil, air, and fire temperatures at the study sites (minimum–maximum).

Variables Preburning Postburning One Year after Burning

Soil moisture (%) 45.1–48.4 a 44.5–46.0 a 49.0–55.3 a

Soil temperature (◦C) 25.7–26.5 a 25.9–26.8 a 25.2–26.1 a

Fire temperature in the litter
layer (◦C) 415.5–469.5

a letters denote significant statistical differences (p ≤ 0.05).

There were no significant differences of soil physicochemical properties were detected
between preburning and 1 year after burning (Table 2). At a depth of 0–5 cm in paddy soils,
the bulk density, organic matter (OM), CEC, and soil texture showed no significant changes
after burning. The soils had a significantly lower acidity as well as lower NO3-N levels
after burning. Conversely, the burned soils showed higher levels of TN, NH4-N, available
P, K, Ca, and Mg, and had higher ECe values (Table 2). At 1 year after burning, the soil
pH, ECe, CEC, NH4-N, NO3-N, and available P, K, Ca, and Mg were higher than the initial
values (preburning), whereas OM and TN were reduced and lower than the preburning
values, but the significant differences were not found.

Table 2. Physicochemical properties of paddy soil samples before burning, after burning, and 1 year
after burning.

Soil Properties Preburning Postburning One Year after Burning

pH (1:1) 5.08 ± 0.03 a 6.89 ± 0.16 b 5.15 ± 0.01 a
Bulk density (g cm−1) 1.42 ± 0.01 a 1.40 ± 0.03 a 1.41 ± 0.01 a

Organic matter (%) 4.15 ± 0.05 a 4.22 ± 0.10 a 4.13 ± 0.03 a
Organic carbon (%) 2.39 ± 0.03 a 2.44 ± 0.07 a 2.38 ± 0.04 a
CEC (meq 100 g−1) 24.10 ± 0.68 a 27.16 ± 0.96 a 25.01 ± 0.51 a

ECe (dS m−1) 2.45 ± 0.05 a 5.24 ± 0.64 b 3.11 ± 0.04 a
NH4N (mg kg−1) 48.48 ± 1.59 a 58.06 ± 2.69 b 51.34 ± 1.88 a
NO3N (mg kg−1) 55.22 ± 2.69 a 19.90 ± 2.84 b 57.59 ± 3.66 a
Total nitrogen (%) 0.29 ± 0.01 a 0.32 ± 0.03 b 0.26 ± 0.03 a

Available P (mg kg−1) 50.52 ± 1.24 a 56.73 ± 3.28 b 53.36 ± 2.11 a
Available K (mg kg−1) 297.37 ± 19.35 a 505.91 ± 13.10 b 319.37 ± 21.33 a
Available Ca (mg kg−1) 1766.81 ± 96.58 a 2191.13 ± 65.86 b 1898.81± 77.11 a
Available Mg (mg kg−1) 288.67 ± 23.16 a 365.73 ± 21.06 b 312.67± 16.66 a

Sand (%) 36.20 ± 2.01 a 37.21 ± 1.98 a 35.68 ± 2.33 a
Silt (%) 36.19 ± 2.54 a 35.29 ± 2.66 a 34.91 ± 2.21 a

Clay (%) 27.61 ± 1.88 a 27.50 ± 2.69 a 29.41 ± 1.73 a
Texture Clay Loam Clay Loam Clay Loam

a–b letters denote significant statistical differences (p ≤ 0.05).

The SOC stock was 17.10 ± 0.3 Mg C ha−1 in the preburning samples, which increased
insignificantly to 17.19 ± 0.1 Mg C ha−1 after burning. A slightly declined SOC stock
was observed at 1 year after burning, with 16.91 ± 0.23 Mg C ha−1, which was slightly
lower than the preburning value (Figure 2a). A significantly higher STN stock, with an
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increase from 2.03 ± 0.09 Mg N ha−1 to 2.27 ± 0.081 Mg N ha−1, was also identified in the
postburning soils. A significant reduction in the STN stock was detected at 1 year after
burning (1.85 ± 0.07 Mg N ha−1) (Figure 2b).

Figure 2. Cont.
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Figure 2. Soil organic carbon (SOC; (a) and soil total nitrogen (STN; (b) levels in paddy soils.
** denotes significant statistical differences (p ≤ 0.05).

3.2. Overview of the Sequencing Analysis

A total of 616,815 (41,121 sequences/sample) clean sequences were obtained in this
study. As shown in Figure 3, the rarefaction curves of all samples gradually flattened,
indicating that the number of sequences obtained in this study could reflect the bacterial
community in the study sites. Here, the sequences were grouped into 18,715 ASVs, which
were then classified into 52 phyla, 119 classes, 245 orders, 312 families, and 543 genera.
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Figure 3. Rarefaction curves of all samples in rice fields at preburning (pre-B), postburning (pos-B),
and 1 year after burning (AB).

3.3. Taxonomic Distribution

As shown in Figure 4, whilst the most abundant taxa in the preburning and postburn-
ing samples were Chloroflexi (33%), followed by Actinobacteria (Pre-B = 15%; Pos-B = 18%),
and Proteobacteria (Pre-B = 12%; Pos-B = 9%), those in the site 1 year after burning were
Actinobacteria (22%), followed closely by Proteobacteria (20%) and Chloroflexi (16%)
(Figure 4a). Overall, 11 phyla, 15 order, and 45 genera were indicated as differentially
abundant taxa (p < 0.05; LDA score > 3). The ANOVA results showed that the relative
abundances of 7 out of 10 abundant phyla (average relative abundance > 1%) were no-
tably different among the study samples (Figure 4a). Chloroflexi abundance dramatically
decreased by approximately 15–17% at 1 year after burning, whereas the abundance of
Planctomycetes increased immediately after burning and then decreased, reaching a level
similar to that before burning. The abundances of Actinobacteria, Proteobacteria, Ver-
rucomicrobia, and Gemmatimonadetes significantly increased by 7%, 8%, 3%, and 1%,
respectively, at 1 year after burning compared to the pre- and postburning soils. At the
order level, significant changes were found to have occurred for several taxa (Figure 4b).
The abundances of Ktedonobacterales, Bacillales, and Betaproteobacteria increased slightly
immediately after burning, but significantly decreased by 13–14%, 3–5%, and 2–3%, re-
spectively, at 1 year after burning. Myxococcales and Gaiellales abundances significantly
increased by 3–4% at 1 year after burning, compared to the two other timepoints.
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Figure 4. Stacked bar plot showing the relative abundances of the bacterial phyla (a) and orders
(b) in rice fields at preburning (pre-B), postburning (pos-B), and 1 year after burning (AB). Asterisks
beside the phylum name indicate statistical significance (p < 0.05).

Ten abundant genera (average relative abundance > 1%) were detected in this study.
Bacillus and HSB OF53-F07 dominated at the pre- and postburning soils, accounting for
5% and 4% in the preburning sites and 6% and 4% in postburning soils. As shown in
Figure 5, the abundances of these two taxa increased immediately after burning, but
decreased significantly 1 year after burning. This trend was also found for Conexibacter and
Acidothermus. On the other hand, the abundances of Anaeromyxobacter and Candidatus
Udaeobacter increased significantly 1 year after burning, accounting for 3.1%, 2.7%, and
2.5%, respectively, of the taxa (Figure 5).

3.4. Bacterial Diversity, Community Compositions, and Correlations to Soil Properties

As shown in Table 3, all alpha diversity indices, including observed richness, Chao-1,
Simpson, and Shannon indices, presented similar trends. The diversity indices did not
change immediately after burning, but there were significant increases after 1 year. The beta
diversity, presented by the PCoA ordination based on the Bray–Curtis distance, overlapped
between the pre- and postburning samples, but these two groups were separate from those
1 year after burning (Figure 6a). According to the PERMANOVA results, the bacterial
community compositions in the rice fields were significantly differed at 1 year after burning
(Figure 6a).

Table 3. Alpha diversity indices.

Site Observed Richness Chao-1 Shannon Simpson

Preburning 1936.80 ± 203.24 b 1954.39 ± 243.83 b 7.03 ± 0.10 b 0.9984 ± 0.0001 b
Postburning 2114.60 ± 273.81 b 2169.11 ± 315.25 b 7.09 ± 0.12 b 0.9984 ± 0.0002 b

One year after burning 3761.40 ± 1203.85 a 4176.56 ± 1547.81 a 7.66 ± 0.30 a 0.9991 ± 0.0002 a

a–b letters denote significant statistical differences (p ≤ 0.05).
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Figure 5. Bar plots for the most abundant genera in this study. Plots with different letters were
statistically different. Pre-B—preburning; Pos-B—postburning; AB—1 year after burning.

As shown in Figure 6b, the redundancy analysis (RDA) revealed that the soil proper-
ties could explain 67.4% of the total variations in the bacterial community compositions.
According to the Mantel test, the TN, STN, sand, clay, soil moisture, and soil temperature
were significant soil parameters, shaping the bacterial communities (Table 4). Among
these parameters, only clay and soil moisture presented a strong correlation (correlation
coefficient > 0.7) (Table 4).

Table 4. Correlations and significant values of the bacterial communities and soil properties deter-
mined with the Mantel test.

Soil Properties Correlation Coefficient p-Value

pH 0.0274 0.259
Bulk density −0.1338 0.975

Organic matter 0.2153 0.056
Organic carbon 0.2357 0.052
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Table 4. Cont.

Soil Properties Correlation Coefficient p-Value

Soil organic carbon 0.1802 0.071
CEC −0.0739 0.712
Ece −0.0194 0.452

NH4N −0.1115 0.813
NO3N 0.0291 0.283

Total nitrogen 0.3780 0.010 *
Soil total nitrogen 0.4268 0.006 *

Available P −0.1008 0.812
Available K 0.0292 0.260
Available Ca −0.0704 0.758
Available Mg −0.0252 0.510

Sand 0.3377 0.011 *
Silt 0.1602 0.094

Clay 0.7666 0.001 *
Soil moisture 0.7223 0.001 *

Air temperature 0.1176 0.142
Soil temperature 0.2259 0.028 *

* denotes significant statistical differences (p ≤ 0.05).

Figure 6. Bacterial community composition and correlations to soil properties. (a) Principal coordinate
analysis (PCoA) ordination based on the Bray–Curtis distance, showing the community composition
of bacteria detected in the study sites. (b) RDA ordination presents soil properties that significantly
correlated with community composition. Significant parameters indicated with the Mantel test.
Pre-B—preburning; Pos-B—postburning; AB—1 year after burning. * indicates statistically difference.

3.5. Predictive Functions

We used PICRUSt2 to predict the functions of the bacterial community based on
enzymatic genes. In total, 2372 predictive enzymes were detected across all samples. As
shown in Figure 7a, PCoA, which explained 90.1% of the total functional composition,
showed that the functional compositions of the bacterial communities found in preburning
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and postburning sites were largely similar, although they differed significantly 1 year after
burning (PERMANOVA test, p > 0.05). In addition, 15 enzymes involved in the carbon,
nitrogen, and phosphorus cycles were selected to highlight the potential enzyme activities in
soils. The ANOVA results revealed that 10 out of 15 selected enzymes differed significantly
among the study sites (Figure 7b). Whilst the abundances of β-glucosidase, chitinase, and
urease were higher in pre- and postburning soils compared to the sites 1 year after burning,
alpha-N-acetylglucosaminidase and endo-1,4-beta-xylanase presented inconsistent trends.
Cellulase and nitrogenase levels increased 1 year after burning compared to the postburning
soils. Pectin lyase and nitrate reductase showed similar levels at preburning and 1 year
after burning.

Figure 7. Bacterial functions predicted using PICRUSt2. (a) Principal coordinate analysis (PCoA) ordi-
nation, based on the Bray–Curtis distance, shows the functional composition of bacteria. (b) Heatmap
shows the mean abundances of soil enzymes potentially produced by bacteria detected in the study sites.
Pre-B—preburning; Pos-B—postburning; AB—1 year after burning. * indicates statistically difference.

As shown in Figure 8, Spearman’s rank correlation analysis indicated correlations
between soil properties and the selected soil enzymes. The parameters OM, OC, TN,
STN, soil texture, moisture, and temperature were significantly correlated with several soil
enzymes. Positive correlations were found, for example, for OM and amidase, cellulase,
and chitinase, for SOC and amidase, cellulase, and TN, and for STN and β-glucosidase,
chitinase, and urease. In contrast, negative correlations were found for these enzymes and
the clay and soil moisture levels.
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Figure 8. Spearman’s rank correlation between soil properties and soil enzymes predicted with
PICRUSt2. X marks indicate insignificant correlation, whereas circles indicate a significant correlation
(p < 0.05). Circle color corresponds to the correlation coefficient.

4. Discussion

4.1. Effects of Burning Rice Straw and Stubble on Soil Physicochemical Properties

Fire can alter the physical and chemical properties of soils through ash deposit. In
our study, significant increases in pH, ECe, TN, NH4-N, and soil nutrients (available P, K,
Ca, and Mg) were found (Table 2) after fire was used. An elevated soil pH following a fire
was also reported in the meta-analysis of Ribeiro Filho et al. [31]. Granged et al. [32] also
detected an increase in soil pH from 6.2 to 7.5 immediately after a fire. This increase could
be explained by the loss of OH-groups from clay minerals, the formation of oxides, and the
incorporation of ash into the soil, leading to an increase in the base cations in soils [33,34].
Kumar et al. [12] and Nigussie and Kissi [35] found increased ECe values after crop residue
burning due to increased ash contents in the soil, along with higher available P levels
after burning, possibly derived from the available P in ash. Kumar et al. [12] reported that
the available P increased from 68.39 to 76.31 kg ha−1 after the use of fire. Nigussie and
Kissi [35] detected an increase in the available P by 73.41% after burning.

Similarly, burning rice straw and stubble provided ash containing high K levels,
resulting in an increase in the available K after burning, which was consistent with the
results of the study by Gangwar et al. [36]. Burning facilitated the release of nitrogen
from rice straw and stubble, increasing the TN content. Pellegrini et al. [37] and Parro
et al. [38] also reported an increase in nitrogen after the use of fire. Ammonium (NH4-N)
and nitrate (NO3-N) are the plant-available forms of nitrogen, and are generated via the

200



Biology 2023, 12, 501

decomposition of organic N compounds [39]. Previous studies [40–42] have reported
high NH4-N concentrations after high-severity burning, whereas NO3-N did not form
directly through heating [43], but was produced after burning through the nitrification
of NH4-N [44]. This might explain the significant decrease in NO3-N of the paddy soils
after burning (Table 2). According to Wan et al. (2001), NH4-N increases immediately
after burning and returns to a preburning level after 1 year, whereas NO3-N can recover
to preburning levels after 5 years. Covington et al. [45] also found that changes in NO3-N
could not be detected immediately after a fire, but the levels increased 1 year after burning,
exceeding the preburning levels.

Interestingly, the bulk density, OM, OC, CEC, and soil texture remained unaffected by
the burning of rice straw and stubbles (Table 2), most likely because the fire was not severe
enough to alter these soil properties. In contrast, Baldock and Smernik [46], Oguntunde
et al. [47], and Ayodele et al. [48] detected a decreased bulk density due to the conversion of
residues to a char form and the residue remaining from incomplete combustion. Although
previous studies reported a decline in OM after burning [7,39,49], this was not the case in
the present study. As shown in Figure 1, burning was practiced while the rice stubbles
mostly stood in the fields, resulting in a lower impact of the fire on the soil surface. Due
to the insignificant changes in OM and clay content after burning, the CEC was largely
unaffected, as it is closely related to the OM and clay content. Similarly, Fonseca et al. [50]
detected unchanged CEC levels after shrub burning in the northeast of Portugal. As shown
in Figure 2, burnt paddy soils contained higher SOC stocks than unburnt paddy soils.
The slight increase in the SOC stock after burning may have occurred as a result of the
charred material and ash. However, a significant difference was not detected, indicating
that burning rice straw and stubble did not alter the SOC stock. We, therefore, hypothesized
that the fire was not severe enough to consume the soil carbon. This was in agreement
with the findings of Neill et al. [51], who detected no significant changes in soil carbon
levels in a prescribed burning in a Cape Cod oak–pine forest. In contrast, the STN stock
increased significantly in the postburning soils (Figure 2), which was also observed in
previous studies [52,53].

Due to remaining ash in the paddy fields, the soil pH, ECe, CEC, NH4-N, NO3-N, and
available P, K, Ca, and Mg levels were higher 1 year after burning than before burning. On
the other hand, the OM levels were lower after burning, most likely because of the slow
decomposition of residues. A similar trend was observed for TN, which may have occurred
due to plant uptake (Table 2). Burning rice straw and stubble resulted in temporary changes
in SOC and STN stocks, as well as soil nutrient levels. Several studies have also reported
that changes in soil nutrient levels were temporary and that, generally, the levels returned
to those measured before burning [54–56].

4.2. Soil Bacterial Community Composition and Diversity Responses Immediately after Burning

Bacteria represent the most abundant and diversified population of microorganisms
worldwide [57], and play an important role in the decomposition of OM and the cycling
of nutrients in agricultural ecosystems [58,59]. Fire directly compromises the survival of
soil microbial communities through soil heating [9]; in our study, straw burning caused a
decline in soil microorganisms at the soil surface due to an increase in soil surface tempera-
tures. Mickovski [10] reported that burning straw and stubble heated the soil temperature
in the uppermost 0–3 cm to approximately 50–70 ◦C immediately after a fire. The heat
resulted in the mortality of 77% and 9% of the heterotrophic microorganisms in the topsoil
(0–5 cm) and the 5–10 cm layer, respectively. Biederbeck et al. [11] investigated the effects
of burning cereal straw and reported that repeated burning in the field caused a reduction
in the bacterial population by more than 50%. Kumar et al. [12] also reported that the
soil temperature increased to 55 ◦C immediately after rice straw burning, resulting in a
significant decrease in bacteria, fungi, actinomycetes, phosphate-solubilizing microorgan-
isms, potassium-solubilizing microorganisms, and cellulose degraders after burning. The
results of the abovementioned studies were, however, in contrast to our findings, namely,
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concerning the relative abundances of bacterial phyla, which did not significantly differ
(p > 0.05) between preburning and postburning sites (Figure 4a). Our sites had a high initial
soil moisture; therefore, the burning finished after only a short period of time (6.5 s m−2 on
average), resulting in the fire not being severe enough to kill the soil microbial communities.
Although the fire temperatures in the residue layer reached between 298.2 and 603.0 ◦C, the
soil temperature after burning only increased by 1.6–3.8 ◦C compared to the preburning
samples (Table 1). Moreover, it was hypothesized that whilst the fire could affect the soil
microbial communities in the uppermost layer (0–1 cm), no effect was observed in the
deeper layer (2–5 cm) because the high soil moisture contents may have had limited the
heat transfer to the deeper soil layers. According to Busse et al. [60], heat transfer can
decrease when the soil water content exceeds 20%. This was also supported by Whelan
et al. [61], who reported that the prevalence of dormant soil microorganisms decreased
with low soil moisture contents and high temperatures.

Previous studies reported that fire has a significant effect on the thin topsoil layer, such
as the 0–1 cm layer [62], the 0–2.5 cm layer [11], and the 0–3 cm layer [63]. This could explain
the insignificant difference between the soil microbial communities of the preburning and
postburning sites observed here at a depth of 0–5 cm (Figure 4a). Similarly, Li et al. [64]
investigated the responses of soil Acidobacteria to a wildfire disturbance in the topsoil
(0–10 cm) and subsoil (10–20 cm), and found no significant differences in Acidobacterial
α-diversity between these two soil layers across different fire severities. However, studies
on the impacts of rice straw burning on soil microbial dynamics are still limited, since most
studies have focused on wildfires or prescribed fires. Kumar et al. [12] investigated the
responses of soil microbial communities to paddy straw burning in sandy loam soil. The
authors discovered that soil microorganisms and microbial enzymes temporarily decreased
after burning, before recovering 30–60 days after burning.

Chloroflexi were the dominant bacteria in both preburning and postburning fields,
followed by Actinobacteria, Firmicutes, Planctomycetes, Proteobacteria, and Acidobacteria,
although no significant difference was detected among the sites (Figure 4a). Previous
studies also reported the dominance of these bacterial phyla in paddy soils [65–68]. Chlo-
roflexi act as primary degraders of polysaccharides under the anaerobic conditions of
rice fields, whereas Actinobacteria can also degrade OM under such conditions [69] and
produce enzymes involved in carbon cycling for plant residue decomposition and carbon
sequestration in soils [70]. Firmicutes comprise a range of thermophilic, antibiotic, and
endospore-producing members, many of which are extremely resistant to desiccation,
heat, and radiation, and can survive in extreme conditions [71]. Planctomycetes and Pro-
teobacteria are important phyla involved in nitrification and denitrification processes in the
soil [72,73]. Trivedi et al. [74] reported that Proteobacteria are classified as “copiotrophs”
(R-strategists), which are more abundant in nutrient-rich conditions. Proteobacteria also
play a key role in OM decomposition and produce several types of glycosyl hydrolases,
thus, promoting plant growth [75]. Acidobacteria use diverse metabolic pathways in
ecological processes, including biogeochemical cycles, biopolymer decomposition, and
exopolysaccharide secretion [76]. Stinca et al. [77] investigated the soil in a beech forest
2 years after a wildfire, and found that the most abundant phyla (Proteobacteria, Acidobac-
teria, Bacteroidetes, Planctomycetes, Firmicutes, Gemmatimonadetes, and Chloroflexi) had
remained relatively unaffected by the fire, except for Actinobacteria.

At the genus level, Bacillus and HSB OF53-F07 were the dominant taxa in both the
preburning and postburning sites, but significant differences were not detected. Moreover,
Anaeromyxobacter was more abundant in the preburning than postburning sites (p > 0.05),
whereas Acidothermus was more abundant in the postburning sites than the preburning
ones (p > 0.05) (Figure 5); Acidothermus is more resistant to higher temperatures than other
bacteria. This was consistent with the findings of Mohagheghi et al. [78], who reported
that the Acidothermus bacteria could remain active at high temperatures, with an optimum
growth temperature of 55 ◦C. Furthermore, the Acidothermus genome contains genes that
encode for thermostable enzymatic cellulose degradation.

202



Biology 2023, 12, 501

Most soil microorganisms die at temperatures exceeding 50 ◦C due to changes in
their cells and enzymes [79]. In the present study, β-glucosidase, chitinase, and urease
were the dominate soil enzymes produced by the soil bacterial communities. However,
the relative abundances of those enzymes did not differ significantly between preburning
and postburning soils (Figure 7b). Stott et al. [80] reported that β-glucosidase is an impor-
tant enzyme for the decomposition of crop residues and provides the energy source for
heterotrophic bacteria.

4.3. Changes in Soil Physicochemical Properties and Soil Bacterial Community Composition
and Diversity

Fires can promote the growth of soil bacteria with heat-resistance capacities and
enhance those with potential fast-growth strategies [81]. Increased abundances of Acti-
nobacteria, Proteobacteria, Verrucomicrobia, and Gemmatimonadetes were observed 1 year
after burning, whereas the abundance of Chloroflexi decreased, and could not reach the
initial value (Figure 4a). Although the Planctomycetes abundance increased immediately
after burning, the relative abundance decreased and returned to that of the preburning
soils. This was consistent with previous studies reporting that changes in soil physical and
chemical properties after a fire could indirectly affect soil microbial communities [82–84].
Zhao et al. [17] reported that the relative abundances of Proteobacteria, Betaproteobacteria,
and Actinobacteria significantly increased with increased levels of STN, available N, and
available P. Our study also pointed out that STN, TN, sand, clay, soil moisture, and soil
temperature significantly shaped the bacterial community composition (Table 2). The
increased pH after burning (Table 2) was a crucial factor in determining microbial activities,
as it led to changes in community composition and diversity.

At the genus level, the abundances of Bacillus, HSB OF53-F07, Conexibacter, and
Acidothermus increased immediately after burning and then significantly decreased, whereas
Anaeromyxobacter and Candidatus Udaeobacter dominated 1 year after burning (Figure 5). We
hypothesized that Bacillus, HSB OF53-F07, Conexibacter, and Acidothermus were dominant
genera in paddy soils, and may be highly resistant to heat, but with low growth rates. In
contrast, Anaeromyxobacter and Candidatus Udaeobacter may have high potential growth
rates and mainly occupy areas with increased soil nutrient levels after a fire. However, for
a better understanding of the behavior of these bacteria, long-term studies are necessary.

Bacillus can promote plant growth through nitrogen fixation, the solubilization and
mineralization of phosphorus, zinc, and iron [85]. Conexibacter can transform nitrate into
nitrite via denitrification under limited oxygen conditions [86]. Seki et al. [87] reported
that Conexibacter is a slow-growing microorganism and can survive in arid environments.
Acidothermus is involved in cellulose degradation and enhances plant growth [88], whereas
Anaeromyxobacter can fix and assimilate N2 to NH4N with the use of nitrogenase, and
is involved in the reduction of N2O to N2 [89,90]. This could explain the increase in
the abundance of Anaeromyxobacter (Figure 5) and in the levels of nitrogenase (Figure 7)
1 year after burning. Moreover, Anaeromyxobacter is an iron-reducing bacterium, using OM
as the electron donors [91], and can denitrify NO2

− to NO through Fe2+ oxidation [92].
Candidatus Udaeobacter can secrete antibiotics in the soil and has the potential to remove
trace gases, especially H2 [93]. Brewer et al. [94] revealed that Candidatus Udaeobacter is an
aerobic heterotroph with numerous amino acid and vitamin transporters, minimizing the
cellular architecture and sacrificing metabolic versatility to become dominant in the soil.

The cellulase and nitrogenase levels were increased 1 year after burning (Figure 7),
most likely because the increased soil nutrient levels accelerated the microbial enzyme
production. Cellulase is generally produced for cellulose decomposition mechanisms [95],
whereas nitrogenase can reduce N2 to NH3 [96]. Soil enzymes play the most active part
in all biochemical processes in soil. In the present study, positive correlations were found
between OM and amidase, cellulase, and chitinase, and between SOC and amidase. More-
over, cellulase increased with increasing TN levels, and an increase in STN influenced
β-glucosidase, chitinase, and urease (Figure 8). This led us to infer that soil enzymes were
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more related to OM levels and directly involved in OM mineralization, thus, affecting
carbon and nitrogen cycles. To further reveal the effects of repeated fires on soil bacterial
activities and soil properties, long-term studies are needed. Furthermore, it should be
noted that the enzymatic results from this study based on the prediction tool, the actual
measurements of the enzymatic activities, should be further investigated in the future.

5. Conclusions

Soil chemical properties (pH, ECe, NH4N, NO3N, TN, and available P, K, Ca, and
Mg) of paddy soils significantly increased after burning. However, these values largely
returned to prefire levels after 1 year. The most abundant taxa in preburning and post-
burning soils were Chloroflexi, Actinobacteria, and Proteobacteria. At 1 year after burning,
Chloroflexi abundance decreased dramatically, whereas the abundances of Actinobacteria,
Proteobacteria, Verrucomicrobia, and Gemmatimonadetes significantly increased. At the
genus level, Bacillus, HSB OF53-F07, Conexibacter, and Acidothermus abundances increased
immediately after burning, and then significantly declined, with lower levels 1 year after
burning. Anaeromyxobacter and Candidatus Udaeobacter dominated at 1 year after burning.
Fires tend to directly and indirectly affect soil microbial communities and functions. Direct
effects are exerted through soil heating, killing some bacterial species, whereas indirect
effects are due to changes in soil physicochemical properties. In this study, rice straw
and standing stubble were burnt under high soil moisture conditions, and burning fin-
ished within a very short period of time, indicating that the fire was not severe enough to
sufficiently heat the soil and kill the soil microorganisms.
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and their descriptions.
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Simple Summary: Plants adapt themselves to harsh environmental conditions by changing morpho-
logical parameters through phenotypic plasticity. Plants modify their functional traits and allocate
biomass to either tolerate or resist the stress caused by their variable habitats. In this study, we
observed that Aeluropus lagopoides, being among the few halophytic palatable species of salt marshes,
adapt to the harsh salt marshes of different eco-regions by significantly modifying its morphological
and physiological traits. Due to this structural modification, this plant showed great potential to
rehabilitate different inland and coastal saline flat areas (sabkha), taking saline agriculture and soil
remediation into consideration.

Abstract: Understanding the response variation of morphological parameters and biomass allocation
of plants in heterogeneous saline environments is helpful in evaluating the internal correlation
between plant phenotypic plasticity mechanism and biomass allocation. The plasticity of plants alters
the interaction among individuals and their environment and consequently affects the population
dynamics and aspects of community and ecosystem functioning. The current study aimed to assess
the plasticity of Aeluropus lagopoides traits with variation in saline habitats. Understanding the habitat
stress tolerance strategy of A. lagopoides is of great significance since it is one of the highly palatable
forage grass in the summer period. Five different saline flat regions (coastal and inland) within
Saudi Arabia were targeted, and the soil, as well as the morphological and physiological traits of
A. lagopoides, were assessed. Comprehensive correlation analyses were performed to correlate the
traits with soil, region, or among each other. The soil analysis revealed significant variation among
the five studied regions for all measured parameters, as well as among the soil layers showing
the highest values in the upper layer and decreased with the depth. Significant differences were
determined for all tested parameters of the morphological and reproductive traits as well as for the
biomass allocation of A. lagopoides, except for the leaf thickness. In the highly saline region, Qaseem,
A. lagopoides showed stunted aerial growth, high root/shoot ratio, improved root development, and
high biomass allocation. In contrast, the populations growing in the low saline region (Jizan) showed
the opposite trend. Under the more stressful condition, like in Qaseem and Salwa, A. lagopoides
produce low spikes in biomass and seeds per plant, compared to the lowest saline habitats, such as
Jouf. There was no significant difference in physiological parameters except stomatal conductance
(gs), which is highest in the Jizan region. In conclusion, the population of A. lagopoides is tolerant of
harsh environments through phenotypic plasticity. This could be a candidate species to rehabilitate
the saline habitats, considering saline agriculture and saline soil remediation.

Keywords: functional traits; saline flat regions; halophytes; biomass allocation; desalination

1. Introduction

Different eco-regions with different climatic conditions can alter the available re-
sources and conditions crucial to plant performance. The response of the plants to these

Biology 2023, 12, 553. https://doi.org/10.3390/biology12040553 https://www.mdpi.com/journal/biology
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environmental changes is through induced phenotypic changes [1]. Plant species with
wide distribution among different eco-regions show large intraspecific variations in most
functional and phenotypic traits [2,3]. The spatial variation in functional traits and their
phenotypic plasticity can help plants persist under global climate change [4,5]. Variations in
biotic and abiotic factors in different geographical regions can lead to morphologically and
functionally different ecotypes [6]. Plants have to adjust to environmental heterogeneity
through the plasticity of adaptive traits and respond to changes in light availability [7–9],
water availability [9], nutrients [9,10], salinity [11,12], and temperature to survive and
sustain in the soil-plant atmospheric continuum environment [13].

One major dependency for plant species to maintain their populations under variable
environmental conditions is phenotypic plasticity [14,15]. Plants persist through this poten-
tial mechanism of phenotypic plasticity when faced with faster environmental changes and
lead it toward homeostasis levels, thus allowing their proper functioning [16]. In the face of
global warming, phenotypic plasticity has become a benchmark for understanding its poten-
tial for population persistence and adaptation [17]. Alterations in environmental conditions
like light regimes, soil properties, humidity, and rainfall may shift several phenotypic
traits [18–20]. Different plant populations exhibit adaptive plasticity in response to spatial
variability of environmental conditions, such as climate and edaphic factors [21–26]. In
heterogeneous environments, both abiotic and biotic factors can influence plant life-history
traits (seed germination, growth, flowering, and reproduction) and adaptation (plasticity
or differentiation) [15,27]. Measuring these phenotypic trait variations (both reproductive
success and vegetative growth) and investigating the environmental variability of sites in
which the population occurs is necessary to assess the adaptability and conservation status
of the target species [28,29]. The plasticity of plants has a crucial impact on the community
structure and dynamics, where plasticity alters many interactions between organisms and
their abiotic and biotic factors of the environments [30]. The plant species characterized
by phenotypic plasticity can colonize a wide range of habitats and modify the community
structure as they tolerate different environmental factors.

Plants respond to variable environments by adjusting their multiple aspects of allo-
cation and architecture, morphology, and physiology [1,31] to mitigate stress levels and
increase the uptake of the limiting resources [32]. Biomass allocation among plant parts is
driven by environmental conditions, which define many plant growth processes [33,34] and
is related to the phenotypic characteristics of plants. Therefore, plant phenotypic plasticity
can be used as a potential covariate for understanding biomass allocation [35,36].

In arid and semi-arid regions, water loss due to evapotranspiration increases the salt
concentration in soil components [37], leading to more severe salinization issues. Natural
saline habitats vary in salinity levels both spatially and temporally due to topography, soil
properties, and micro-climate differences [38]. One such saline habitat is sabkha i.e.., a
flat area of clay, silt, or sand with an overlying crust of soil [39]. The salt stress, moisture
content, physio-chemical soil characteristics, and other environmental factors in saline
areas tend to show relative stability with time [40], which has an extensive influence on
community structure, plant morphological structure, and biomass allocation [41]. The
biomass allocation of plants represents their growth and metabolism and affects the plant’s
functional attributes [42].

Most salt marsh plant species are halophytes with a high degree of phenotypic varia-
tions, occupying a broad range of environmental conditions and possessing various traits
to adapt to saline conditions [43–45]. Halophytic species have developed different mech-
anisms for regulating growth and development to ensure their survival in highly-saline
inland or coastal areas, salt marshes, dunes, and desert habitats [46,47]. The distribution of
some halophytic species is best correlated along a gradient of soil variables, such as salinity,
moisture content, soil texture, organic matter, and calcium carbonate [48]. Halophytic
grasses can tolerate salinity at a species-specific level and vary with the ecotype, region’s
habitat, and specific environmental factors [14,49]. These halophytic species show adaptive
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phenotypic plasticity, enabling them to cope with different saline environments [50], as
most traits exhibited considerable plasticity in response to different salinity stresses [51].

Aeluropus lagopoides (L.) Thwaites (Poaceae) is a stoloniferous halophytic perennial C4
photosynthetic grass ranging in distribution from Northern Africa (Morocco to Somalia),
Italy, and Cyprus, through the deserts of the Middle East to Central Asia, Pakistan, and In-
dia [52]. In Saudi Arabia, it is found in different regions of saline coastal environments and
inland areas. A. lagopoides was recorded from the inland wadi (valley) of Qareenah, Riyadh,
saltmarsh areas of Qaseem and Jouf, and coastal zones of Salwa and Jizan region [53–56].
A. lagopoides is of economic importance as it is a palatable summer forage in arid areas as
well as a sand stabilizer [14] and can be used for landscaping the urban areas of desert
regions [57]. The plant withstands high salinity stresses up to 25 dS·m−1 and can adapt to
heterogeneous environments due to structural adaptations and phenotypic trait modifica-
tions [58]. There is a considerable variation in environmental conditions of A. lagopoides
habitats between different coastal and inland regions of Saudi Arabia, with variable effects
on water relations, salinity, light, ambient temperature, and edaphic factors [55]. Conse-
quently, the only dependency to maintain its populations under stressful environmental
conditions is adaptive plasticity [14,15]. The ability of A. lagopoides to grow in different
regions provides an excellent opportunity to study its phenotypic trait variations with
respect to the regions in which it grows. However, the relationship between biomass
allocation and root/shoot morphological strategies of A. lagopoides growing in different
saline regions is unclear. Therefore, in this study, we aimed to explore the linkage of the
variation in the functional traits of vegetative and root parts of A. lagopoides (i.e., phenotypic
plasticity) with the differences in the habitats (edaphic factors). We aimed to clarify the
following questions (1) how do morphological parameters of A. lagopoides synergistically
change in response to habitat conditions? (2) what biomass allocation strategies did A.
lagopoides have under different saline regions?

2. Materials and Methods

2.1. Surveyed Regions and Soil Analysis

The populations of A. lagopoides were studied along Saudi Arabia during the years
2020–2021 and were found in five saline regions (Figure S1) were identified as follows:
(1) Salwa (lowland coastal saline flat area), (2) Jizan (southern coastal saline flat area),
(3) Qareenah (inland saline flat areas of wadi Hargan, Riyadh region), (4) Qaseem (an
inland saline flat area of Al-Aushazia) and (5) Jouf ( an inland saline flat area in Domat
Aljandal). The regions’ details are presented in Table S1. Each region was geographically
different from the others as the shortest point-to-point distance between them was more
than 300 km (Table S1 and Figure S2). Within each region, five distinct A. lagopoides patches
were randomly selected for soil sampling and plant morphological traits measurements.
From September to March (when A. lagopoides become fully flourished), three random
plots (5 × 5 m) were selected within each patch (Figure 1). To assess the relationship
between morphological and biomass allocation of the plant and resource allocation of
the rhizosphere soil properties, three core soil sampling was selected. At three random
points, three core soil samples were collected from three soil layers (0–15 cm, 15–30 cm, and
30–45 cm) within each plot. Each corresponding soil layer of these three soil samples was
merged as one composite sample. A total of three composite soil samples represented each
plot, and subsequently, a total of 9 samples from each patch. Hence, a total of 225 composite
soil samples from all the studied region (5 regions × 5 patches × 3 plots × 3 layers) were
collected. For soil moisture content, part of each sample was collected in duly labeled
moisture tin, and the moisture content was immediately determined by the weight-loss
method for all the samples.

211



Biology 2023, 12, 553

Figure 1. Different studied flat saline regions, (A) Qareenah, (B) Qaseem, (C) Salwa, (D) Jouf, and
(E) Jizan. The left is an overview, and the right is a close view of A. lagopoides.

For further analysis, all the soil samples were collected in plastic bags, duly labeled,
and transferred to Range Science Lab., College of Food and Agriculture Sciences, King Saud
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University, Riyadh, Saudi Arabia. All the soil samples were spread over separate plastic
sheets, air-dried at room temperature, and sieved through a 2 mm sieve to remove any
debris, and the soil samples were analyzed similarly to the previously reported approach of
Dar et al. [55]. In brief, the soil texture was determined using the hydrometer method [59].
Soil organic matter was determined by wet combustion with dichromate at 450 ◦C [60]. Soil
water extracts (1:5) were prepared for the estimation of soil electrical conductivity (EC) and
pH [60]. Soluble inions (Cl− and SO4

2−) were determined by the titration method, while
soluble cations (Ca2+, Mg2+, Na+, and K+) were determined using a flame photometer
according to Rhoades [61].

2.2. Morphological Traits Measurements

Within each plot, five fully matured individuals were randomly selected for morpho-
logical parameters, including both on-field and off-field functional trait measurements were
recorded. A total of 375 individuals (5 regions × 5 patches × 3 plots × 5 individuals) were
targeted for the measurements. In the field, shoot length, number of tiller/plant, number of
leaves/tiller, number of spikes/plant, spike length, top internode length of the main tiller,
number of stolon/plant, and top internode stolon length were measured.

On the other hand, after taking the field measurement, the same individuals were
excavated and collected in labeled plastic bags. The bags were brought in an ice-cool box
to the Range Science Laboratory, College of Food and Agriculture Sciences, King Saud
University, Riyadh, Saudi Arabia, for other measurements like leaf area, biomass, and root
morphological parameters. Plant samples were separated into root and shoot systems.
The leaf area of five leaves of each individual was measured using the WinDIAS system
(Delta-T Devices Ltd., Cambridge, UK). Also, the average area and biomass of five spikes
of each individual were measured. The root system of all the individuals was thoroughly
washed, and their main root length, root hair length, total root area, and root dry matter
were measured. Based on these measurements, specific leaf area (SLA) was determined
as the ratio of leaf area to leaf dry mass. Leaf dry matter content (LDMC) was calculated
as the ratio of leaf dry mass to saturated fresh mass [62]. Leaf thickness was calculated as
the ratio (SLA × LDMC−1). For resource allocation, root/shoot ratio, root mass fraction,
and shoot mass fraction were calculated. These functional traits were selected to assess
the response and plasticity of A. lagopoides to the environmental factors within different
regions, according to Perez-Harguindeguy et al. [63].

2.3. Determination of Ecophysiological Traits

Before the targeted plant individuals were excavated, chlorophyll fluorescence, chloro-
phyll content, leaf temperature, and stomatal conductance were measured. Chlorophyll
fluorescence was measured with an Opti-Sciences OS30p+ chlorophyll fluorometer (Opti-
Sciences, Hudson, NY, USA). Fluorescence was measured at midday (11.00–13.00 h, solar
time). Chlorophyll fluorescence, initial fluorescence (F0), maximum fluorescence (Fm),
and variable fluorescence (Fv) were determined, and the ratios of Fv/F0 and Fv/Fm
were calculated using MINI-PAM fluorometer (Heinz Walz GmbH, Effeltrich, Germany).
The minimum and maximum dark-adapted fluorescence (F0, Fm) and Fv/Fm (where
Fv = Fm—F0) were obtained after the leaves of the plants were dark-adapted for at least
20–25 min [64].

In-situ stomatal conductance (gs) was measured using a steady-state diffusion porom-
eter (model SC-1, Decagon Devices, Inc., Pullman). Each day before measurements, the
porometer was calibrated, and gs was measured on the adaxial surface of a fully developed
penultimate leaf in the afternoon (13:00–15:00 h). The chlorophyll content was measured ac-
cording to the method of Lichtenthaler and Wellburn [65] with some modifications. About
0.5 g of the fresh plant sample was extracted by acetone, and the content of chlorophyll a
(Chl. a), chlorophyll b (Chl. b), and total chlorophyll were determined by measurements
of the absorbance at 663 and 645 nm with the UV-VIS spectrophotometer (SHIMADZU,
Kyoto, Japan, UV1800).
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2.4. Statistical Analysis

To compare the various traits of A. lagopoides and determine the significant variations
among regions, the data for the plant functional traits and ecophysiological parameters
were analyzed by one-way ANOVA with the region as a factor. However, the soil properties
were analyzed for three-way ANOVA with the regions, soil layers, and samples as factors.
The ANOVA was performed using Statistix 8.1 software. The soil samples were also used
as a factor in the soil analysis to check the homogeneity of soil samples within the studied
region. Mean values were compared by the Duncan Multiple Range (DMR) test using SAS
9.1.3. The standard error (SE) was calculated for each mean value.

To correlate the various plant traits (vegetative and reproductive) with each region, a
data matrix of the shoot, root, and reproductive traits from the five studied regions was
subjected to principal component analysis (PCA). The plant morphological traits were
plotted as loading vectors in a bi-plot, while the region was plotted as observations.

On the other side, in order to assess the relationship between the soil parameters
of each region and morphological traits, two datasets were prepared; one of the various
morphological traits and the second of the soil variables of the studied regions at the three
layers (0–15 cm, 15–30 cm, and 30–45 cm). These two datasets were subjected to ordination
analysis using canonical correspondence analysis (CCA). Also, the agglomerative hierar-
chical clustering (AHC) and heatmap were performed based on the data of the top layer
soil parameters and the morphological traits of A. lagopoides populations within the five
studied regions. The AHC was performed based on the Pearson correlation coefficient
and weighted pair-group average agglomeration method. PCA and AHC were performed
using the XLSTAT software program (version 2018, Addinsoft, NY, USA), while CCA was
produced using the MVSP software program, ver. 3.1 [66].

3. Results

3.1. Soil Layer Variations among the Regions of A. lagopoides

Soil analysis revealed significant variation (p < 0.05) among the five studied regions
supporting the growth of A. lagopoides for all measured parameters, except for HCO3 as
well as among the soil layers (Table 1). The Qaseem, Salwa, and Qareenah regions had the
highest and comparable pH values for the top layer soil (0–15 cm), while the Jizan and Jouf
regions attained the lowest values of the pH (Table 1). In general, the pH values decreased
significantly (p = 0.0219) with the soil depth in all studied regions.

The soil salinity is highly significantly varied among soil layers for all regions (p = <0.001).
The soil of the Qaseem region generally had the highest values of EC (25.95 dS/m for
the top layer, 10.28 dS/m for the middle layer, and 6.32 dS/m for the lower layer), cation
(Ca2+, Mg2+, and Na+) and anions (Cl−) of all the regions as well as for all the soil layers.
However, the values of K+ and SO4

2− varied in significance from layer to layer among
the locations, the highest value of K+ for the top layer (20.22 meq/L) being in the Qaseem
region and the below two layers (9.95 meq/L for the top layer and 3.34 meq/L for the lower
layer in Jouf region (Table 1). The highest value of SO4

2− for the top layer (71.8 meq/L) was
recorded in the Jizan region. However, Qaseem attained the highest amount of Cl− (237.60,
73.30, and 51.00 meq/L for the top middle and lower layers, respectively) for all three
layers compared to other locations. The cations and anions of the Jouf region soil showed a
trend of lower concentration with soil depth. The soil of the Qareenah region attained the
highest content of CaCO3 among all regions, and the content increased with the increase
in soil depth. On the other hand, the Qaseem region attained the highest organic matter
content for the top layer (1.78%), followed by the Qareenah region for all the soil layers
(1.63%, 0.98%, and 0.91% for the top, middle, and lower layers, respectively).
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Table 1. Physical and chemical properties of different soil layers supporting Aeluropus lagopoides in
different regions.

Parameters Layer
Region

p-Value
Qareenah Qaseem Salwa Jouf Jizan

pH
0–15 cm 8.38 ± 0.18 A,a 8.39 ± 0.141 A,a 8.39 ± 0.140 A,a 8.19 ± 0.108 B,C,a 8.09 ± 0.220 C,a 0.0011 **

15–30 cm 8.47 ± 0.04 A,a 8.16 ± 0.027 B,b 8.22 ± 0.022 AB,b 8.02 ± 0.051 C,b 8.10 ± 0.192 C,a

30–45 cm 8.19 ± 0.07 B,b 8.15 ± 0.034 B,b 8.27 ± 0.115
A,B,a,b 8.02 ± 0.097 C,b 7.88 ± 0.207 C,b

p-value 0.0219 *

EC
(dS·m−1)

0–15 cm 15.39 ± 0.92 B,a 25.95 ± 3.87 A,a 7.29 ± 0.17 C,a 2.74 ± 0.13 C,b 1.032 ± 0.07 D,a <0.0001 ***
15–30 cm 5.17 ± 0.78 B,b 10.28 ± 1.83 A,b 5.25 ± 0.26 B,b 4.52 ± 1.03 C,a 1.10 ± 0.16 D,a
30–45 cm 3.87 ± 0.46 B,c 6.32 ± 1.14 A,c 3.53 ± 0.58 C,c 3.59 ± 1.12 C,a 0.94 ± 0.07 D,b

p-value <0.0001 ***

Ca2+

(meq/L)

0–15 cm 19.90 ± 2.69 C,a 39.86 ± 3.74 A,a 31.87 ± 0.43 B,a 16.45 ± 1.38 D,a 2.76 ± 0.36 E,a <0.0001 ***
15–30 cm 14.08 ± 1.45 C,b 23.66 ± 3.51 A,b 24.55 ± 0.84 B,b 11.12 ± 3.16 D,b 3.14 ± 0.65 E,a
30–45 cm 15.30 ± 1.54 B,b 20.17 ± 3.46 A,b 19.30 ± 2.74 A,c 9.02 ± 3.06 C,c 2.15 ± 0.45 E,b

p-value <0.0001 ***

Mg2+

(meq/L)

0–15 cm 35.40 ± 2.73 B,a 60.63 ± 8.30 A,a 8.25 ± 0.43 C,a 5.77 ± 0.39 C,b 1.67 ± 0.25 D,b <0.0001 ***
15–30 cm 16.10 ± 0.89 B,b 33.74 ± 3.28 A,b 8.56 ± 0.36 D,a 13.51 ± 0.95 C,a 2.80 ± 0.24 E,a,b
30–45 cm 6.96 ± 0.53 C,c 11.49 ± 0.55 A,b 5.83 ± 0.60 D,b 10.34 ± 1.03 B,a 2.55 ± 0.32 E,a

p-value <0.0001 ***

Na+

(meq/L)

0–15 cm 45.05 ± 6.52 B,a 134.81 ± 33.36 A,a 30.57 ± 0.71 B,C,a 5.12 ± 0.06 C,b 5.38 ± 0.61 C,a <0.0001 ***
15–30 cm 25.18 ± 4.89 B,b 44.34 ± 13.19 A,b 18.04 ± 1.09 B,C,b 15.53 ± 4.70 C,a 3.76 ± 0.60 D,b
30–45 cm 15.43 ± 2.41 B,b 27.34 ± 6.36 A,b 9.73 ± 2.83 C,c 13.49 ± 5.22 B,C,a 4.54 ± 0.18 c

p-value <0.0001 ***

K+

(meq/L)

0–15 cm 14.63 ± 4.24 B,a 20.22 ± 4.97 A,a 2.16 ± 0.04 C,a 0.61 ± 0.11 D,c 0.51 ± 0.09 D,b 0.0001 ***
15–30 cm 2.78 ± 0.47 B,b 1.42 ± 0.34B C,b 1.75 ± 0.08B C,b 9.95 ± 2.98 A,a 2.57 ± 0.08 B,a
30–45 cm 1.88 ± 0.49 B,c 1.52 ± 0.36 B,C,b, 1.25 ± 0.40 B,C,b 3.34 ± 2.36 A,b 0.52 ± 0.05 C,b

p-value <0.0001 ***

Cl−
(meq/L)

0–15 cm 96.90 ± 13.08 B,a 237.60 ± 41.19 A,a 66.36 ± 1.27 B,C,a 13.04 ± 1.24 C,D,c 8.65 ± 0.78 D,a <0.0001 ***
15–30 cm 48.02 ± 4.62 B,b 73.30 ± 18.32 A,b 48.00 ± 1.76 B,C,b 41.60 ± 10.16 C,a 7.25 ± 1.42 D,b
30–45 cm 30.94 ± 3.40 B,c 51.00 ± 11.90 A,c 25.67 ± 8.35 B,C,c 32.58 ± 9.77 B,a,b 7.07 ± 0.78 C,b

p-value <0.0001 ***

HCO3
−

(meq/L)

0–15 cm 3.00 ± 0.137 A,a 3.58 ± 0.54 A,a 2.43 ± 0.21 A,a 1.13 ± 0.03 B,b 1.22 ± 0.03 B,b 0.2300 ns
15–30 cm 1.51 ± 0.130Bb 2.36 ± 0.18Aa 0.9 ± 0.12Cb 1.38 + 0.15Bb 2.09 ± 0.27Aa
30–45 cm 1.14 ± 0.091 B,b 2.13 ± 0.19 A,a 1.09 ± 0.05 B,a 4.14 ± 2.55 A,a 1.47 ± 0.19 B,b

p-value 0.3849

SO4
2−

(meq/L)

0–15 cm 15.04 ± 4.32 B,a 14.19 ± 3.03 B,C,b 3.92 ± 0.61 D,b 12.84 ± 0.16 C,a 71.80 ± 0.05 A,a <0.0001 ***
15–30 cm 6.36 ± 1.39 B,b 27.13 ± 1.14 A,a 3.05 ± 0.59 C,b 1.86 ± 0.43 D,b 0.96 ± 0.19 E,b

30–45 cm 10.97 ± 1.77
A,a,b 9.42 ± 2.52 A,c 8.14 ± 2.60 B,a 1.13 ± 0.56 C,b 0.60 ± 0.07 D,b

p-value 0.0058 **

OM (%)
0–15 cm 1.63 ± 0.19 A,a 1.78 ± 0.37 A,a 0.55 ± 0.02 B,b 0.81 ± 0.12 B,a 0.33 ± 0.04 B,b <0.0001 ***

15–30 cm 0.98 ± 0.17 A,b 0.87 ± 0.20 A,b 0.35 ± 0.02 C,a 0.45 ± 0.14 B,b 0.44 ± 0.12 B,a
30–45 cm 0.91 ± 0.33 A,b 0.54 ± 0.06 B,c 0.98 ± 0.29 A,a 0.39 ± 0.13 C,c 0.26 ± 0.03 D,c

p-value 0.0003 ***

CaCO3
(%)

0–15 cm 34.84 ± 2.10 A,b 18.02 ± 2.01 D,a 20.77 ± 0.77 C,b 32.58 ± 0.14 B,a 1.23 ± 0.09 E <0.0001 ***
15–30 cm 36.62 ± 0.94 A,b 16.76 ± 1.04 C,b 18.31 ± 0.55 B,c 4.08 ± 0.56 D,b 0.00 ± 0.00 E
30–45 cm 45.35 ± 1.68 A,a 17.01 ± 0.88 C,c 29.36 ± 2.17 B,a 4.03 ± 0.78 D,b 0.00 ± 0.00 E

p-value <0.0001 ***

Clay (%)
0–15 cm 12.48 ± 065 C,a 16.80 ± 1.26 A,a 15.14 ± 1.64 B,a 12.67 ± 0.08 C,a 14.33 ± 1.03B,a 0.0023 **

15–30 cm 10.84 ± 0.64 C,b 12.72 ± 0.41 B,b 7.79 ± 0.13 D,c 11.20 ± 0.53 B,b 13.58 ± 1.76 A,b
30–45 cm 10.60 ± 0.54 C,b 10.84 ± 0.83 C,c 11.20 ± 0.56 B,b 10.80 ± 0.83 C,c 12.32 ± 0.86 A,b

p-value <0.0001 ***

Silt (%)
0–15 cm 17.28 ± 1.86 C,b 46.40 ± 2.15 A,b 6.88 ± 1.17 E,b 15.25 ± 1.04 D,c 36.70 ± 1.88 B,b <0.0001 ***

15–30 cm 22.48 ± 1.49 D,a 54.77 ± 1.46 A,a 2.04 ± 0.27 E,c 32.28 ± 1.37 C,a 41.30 ± 2.58 B,a
30–45 cm 22.68 ± 1.51 D,a 32.54 ± 1.75 A,b 12.10 ± 1.41 E,a 26.08 ± 2.56 C,b 29.61 ± 2.26 B,c

p-value <0.0001 ***

Sand (%)
0–15 cm 70.24 ± 2.50 C,a 36.80 ± 1.634 E,b 78.58 ± 1.46 A,b 74.41 ± 2.52 B,a 48.68 ± 2.11 D,b <0.0001 ***

15–30 cm 66.68 ± 1.23 B,b 34.51 ± 0.99 E,b 90.17 ± 0.36 A,a 56.53 ± 1.83 C,c 45.12 ± 2.41 D,c
30–45 cm 66.72 ± 0.72 B,b 56.62 ± 1.49 D,a 76.70 ± 1.74 A,b 63.12 ± 2.72 C,b 58.07 ± 2.36 D,a

p-value <0.0001 ***

MC (%)
0–15 cm 7.06 ± 0.55 B,a 28.83 ± 0.75 A,a 5.78 ± 0.44 B,a 4.97 ± 1.01 B,a 1.64 ± 0.25 C,c <0.0001 ***

15–30 cm 5.14 ± 0.62 B,b 19.40 ± 0.79 A,a 3.80 ± 0.81 C,c 4.79 ± 1.08 C,b 2.55 ± 0.52 C,b
30–45 cm 3.34 ± 0.40 B,c 23.88 ± 0.96 A,a 3.75 ± 0.80 B,b 4.60 ± 0.88 B,b 3.45 ± 0.52 B,c

p-value <0.0001 ***

Different capital letters showed significant variation among regions at p < 0.05 (Duncan’s test), with df 4 for the
region and 4 for soil layers, respectively. Different small letters revealed significant differences among soil layers
(0–15 cm, 15–30 cm, and 30–45 cm). Capital letters indicate the significance of regions and small letters soil layers,
EC: electrical conductivity, OM: organic matter, MC: moisture content, *p < 0.05, ** p < 0.01, *** p < 0.001, and “ns”
for p > 0.05.

215



Biology 2023, 12, 553

Regarding soil texture, the sand content is highest in Salwa for all three layers and
the lowest in silt content, while the Qaseem region had the lowest values of sand and the
highest of silt for all three soil layers. Clay content was highest in Qaseem for the top layer
(16.80%), while it was highest in the Jizan region for the layer of 15–30 cm (13.58%) and the
layer of 30–45 cm (12.32%). Moisture content showed a significant difference (p < 0.0001)
among layers, and it was highest in the Qaseem region for all three layers compared to
other regions’ respective layers. Overall, the results of soil analyses showed that the highest
soil characteristic values trend from top to bottom layer (0–15 > 15–30 > 30–45) for all the
regions, with some minor exceptions.

3.2. Morphological Traits Variations among the Studied Regions of A. lagopoides

By comparing the five studied regions of A. lagopoides, significant differences were
determined for all tested parameters of the morphological and reproductive traits as well
as for the biomass allocation, except for the leaf thickness, where no significant difference
was observed (Table 2).

Table 2. Single-factor analysis of variance (ANOVA) showing the effect of different saline regions
on plant functional traits and biomass allocation of A. lagopoides having a degree of freedom of the
studied regions.

Functional Traits Unit SS MS F Value p Value

Shoot length cm 1901.38 475.34 40.56 <0.0001 ***
Shoot fresh weight g 2221.49 555.37 5.04 0.0019 **
Shoot dry weight g 1182.11 295.52 5.91 0.0006 ***

Number of tillers/plant No. 2251.37 562.84 42.67 <0.0001 ***
Number of stolons/plant No. 151.02 37.75 7.10 0.0002 ***

Average stolon length cm 22701.03 5675.25 25.97 <0.0001 ***
Root length cm 773.21 193.30 14.38 <0.0001 ***

Root fresh weight g 92.62 23.15 6.25 0.0004 ***
Root dry weight g 63.22 15.80 6.89 0.0002 ***

Root area cm2 5335.64 1333.91 8.10 0.0001 ***
Leaf fresh weight g 36182.34 9045.58 13.46 <0.0001 ***
Leaf dry weight g 24768.00 6192.00 675.49 <0.0001 ***

Number of leaves/plant No. 342601.02 85650.25 8.28 <0.0001 ***
Specific leaf area cm2/g 0.05 0.01 7.53 0.0001 ***

Leaf dry matter content g 39.38 9.84 6.63 0.0003 ***
Leaf thickness μm 223.61 55.90 1.28 0.2902 NS

Number of spikes/plant No. 12999.52 3249.88 6.07 0.0005 ***
Average. spike length cm 2.10 0.52 3.35 0.0174 *

Spike fresh weight g 0.03 0.01 14.42 <0.0001 ***
Spike dry weight g 0.01 0.01 4.05 0.0068 **

Number of seeds/plant No. 75 × 107 1.87 48.56 <0.0001 ***

SS (Sum of Squares), MS (Mean Square), * p < 0.05, ** p < 0.01, *** p < 0.001, and “NS” for p > 0.05.

3.2.1. Shoot Traits

A highly significant difference in the shoot length and biomass was observed among
regions (p < 0.001). Moreover, the shoot length of A. lagopoides growing in the Jizan and
Salwa regions was the highest, while it was lowest in Qareenah and Jouf regions (Figure 2).
For shoot biomass (fresh and dry weight), Qassem and Salwa regions attained the highest
values, while the lowest values of shoot fresh and dry weight were assessed in the Qareenah
region (4.68 g and 3.05 g, respectively). The number of tillers per plant, stolon number per
plant, and stolon length showed highly significant differences (p < 0.001) among regions
of A. lagopoides. The number of tillers per plant was higher in the Jouf region, while the
number and length of stolon were higher in Jizan and Qaseem regions (Figure 2). Jouf
region attained the lowest values of stolon measurements.
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Figure 2. Comparison of shoot traits of Aeluropus lagopoides growing in different saline flat regions of
Saudi Arabia. Values are average (n = 75), and the bar represents the standard error. Different letters
among regions showed significant differences at p < 0.05 after Duncan’s test. ** p < 0.01*** p < 0.001.

3.2.2. Root Traits

All studied root traits of the samples showed highly significant differences (p < 0.001)
among the five studied regions (Figure 3). For root length, Qaseem, Salwa, and Jizan
regions attained the highest values, while Qareenah and Jouf had the lowest root length.
For biomass, A. lagopoides growing in the Qaseem region attained the highest root fresh
and dry weight. Moreover, the highest value of the root area was determined for the A.
lagopoides growing in the Qaseem region (45.27 cm2), followed by Salwa (35.71 cm2) and
Jizan (32.31 cm2) regions (Figure 3).

3.2.3. Leaf Traits

All leaf traits of A. lagopoides plants showed highly significant variation among regions
(p < 0.001), except for leaf thickness which did not vary significantly (p = 0.29) from one
region to another (Figure 4).

The Jizan region attained the highest values of leaf biomass (fresh and dry weight),
while the Qareenah region had the lowest values of both leaf fresh and dry weight. The
number of leaves per plant was highest for the population of the Jouf region, while the
Qareenah region attained the lowest number of leaves. In contrast, the Qareenah region
attained the highest values of specific leaf area (0.16 cm−2 g−1), and the Jizan region showed
the highest value of leaf dry matter content (90.16%). However, no significant difference in
leaf thickness was found in all studied regions.
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Figure 3. Measured root traits for Aeluropus lagopoides growing in different saline flat regions of Saudi
Arabia. Values are average (n = 75), and the bar represents the standard error. Different letters among
regions showed significant differences at p < 0.05 after Duncan’s test. *** p < 0.001. FW: fresh weight,
DW: dry weight.

Figure 4. Comparison of leaf traits for Aeluropus lagopoides growing in different saline flat regions of
Saudi Arabia. Values are average (n = 10), and the bar represents standard error. Different letters
among regions showed significant differences at p < 0.05 after Duncan’s test. SLA: specific leaf area,
LDMC: leaf dry matter content. FW: fresh weight, DW: dry weight. *** p < 0.001, and “ns” for p > 0.05.
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3.2.4. Reproductive Traits

All the measured reproductive traits of A. lagopoides showed a highly significant
difference (p < 0.001) among the studied regions (Figure 5). Regarding spike numbers, the
populations of the Jouf region showed the maximum production of spikes and seeds per
plant, while Qareenah and Jizan attained the lowest values (Figure 5). The average spike
length of the Qaseem regions was the highest, while Qareenah and Salwa regions attained
the lowest values of the spike length. For spike biomass (fresh and dry weight), the Jizan
region attained the highest values (0.09 and 0.06 mm, respectively), while Qareenah and
Salwa regions showed the lowest biomass among the studied regions.

Figure 5. Reproductive traits for Aeluropus lagopoides growing in different saline flat regions of Saudi
Arabia. Values are average (n = 75), and the bar represents the standard error. Different letters
among regions showed significant differences at p < 0.05 after Duncan’s test. * p < 0.05, ** p < 0.01,
*** p < 0.001. FW: fresh weight, DW: dry weight.

3.3. Variation in Ecophysiological Parameters of A. lagopoides among Different Regions

The photosynthetic pigments (chlorophyll a, chlorophyll b, total chlorophyll) varied
slightly among different regions but had no significance (Figure 6).

Similarly, there is no significant difference in Fv/Fm, and all values were under
0.79. On the other hand, stomatal conductance showed a highly significant difference
among the regions (p < 0.001), as the Jizan region had the highest stomatal conductance
(52.88 mmole m−2 s−1), while the Jouf region had the lowest value (20.46 mmole m−2 s−1).
Moreover, a highly significant difference was observed among the studied regions for the
A. lagopoides leaf temperature.
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Figure 6. Ecophysiological parameters of Aeluropus lagopoides growing in different saline flat regions
of Saudi Arabia. Values are average (n = 75), and the bar represents the standard error. Different
letters among regions showed significant differences at p < 0.05 after Duncan’s test. *** p < 0.001, and
“ns” for p > 0.05. FW: fresh weight.

3.4. Biomass Allocation of A. lagopoides in Response to Different Habitats

The biomass proportion of plant parts in A. lagopoides was significantly different (p < 0.001)
among the studied regions (Figure 7). Concerning root:shoot ratio, the population of the
Qaseem region showed the highest value (0.23), followed by Qareenah (0.16), while the
population of the Jizan region attained the lowest values of root/shoot ratio (Figure 7).
Similarly, the root mass fraction showed the same pattern, where A. lagopoides of the Qaseem
region showed the highest root mass fraction (0.18), followed by Qareenah (0.13), while A.
lagopoides of the Jizan region attained the lowest value (0.04). In contrast, the population of
the Jizan region showed the highest shoot mass fraction (0.96), while the population of the
Qaseem and Qareenah regions attained the lowest values.

Figure 7. Biomass allocation among Aeluropus lagopoides collected from different saline flat regions of
Saudi Arabia, based on dry matter. Values are average (n = 75), and the bar represents the standard
error. Different letters among regions showed significant differences at p < 0.05 after Duncan’s test.
*** p < 0.05.
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3.5. Correlation Analysis among Functional Plant Traits, Regions, and Soil Variables
3.5.1. Plant Functional Traits-Regions Correlations

The principal component analysis (PCA) revealed the existence of a close correlation
between different morphological traits of A. lagopoides and the studied regions (Figure 8).
The PCA revealed that the number of spikes and number of seeds per plant correlate with
the number of tillers and leaves per plant (Figure 8). The A. lagopoides growing in Qaseem
and Salwa regions are closely correlated and showed a positive correlation with root and
shoot biomass. The root traits (root biomass, root area, and root length) are separated on
the upper-left side of the PCA biplot, where it showed correlations to each other as well
as with shoot biomass. Spike length showed a correlation with the shoot length. The A.
lagopoides population of the Jizan region showed a substantial correlation with the leaf
biomass, spike biomass, and stolon length, where spike biomass revealed a correlation with
the leaf biomass as well as the stolon length (Figure 8). The Jouf region showed a significant
positive correlation with specific leaf area, number of leaves per plant, number of tillers per
plant, and number of seeds per plant (Figure 8). However, leaf dry matter content was the
only morphological trait closely correlated to the Qareenah region.

Figure 8. Principal component analysis (PCA) of the measured traits (shoot, represented with
red arrows, root represented with brown arrows, reproductive traits represented with blue ar-
rows of Aeluropus lagopoides within different saline flat regions (represented with yellow circle) of
Saudi Arabia.

3.5.2. Correlations among Soil Variables, Plant Functional Traits, and Regions

The data of soil variables of each layer of each region and the functional traits were
correlated using CCA (Figure 9). In general, Qassem and Salwa regions show a close
correlation to each other, while Jizan is segregated alone on the lower-right side of the CCA
biplot. Jouf region was different from other regions for the soil profile of the three layers
(upper, middle, and lower) and separated on the lower-left side of the CCA biplot. Finally,
the Qareenah region was separated at the center of the CCA biplot, revealing no specific
correlation to any parameters.

Regarding the top layer of the soil (0–15 cm), the Qassem and Salwa regions showed
a close correlation to most of the soil parameters that are correlated together, such as
moisture content, pH, salinity, organic matter, Na, Cl, Mg, K, and Ca. (Figure 9a). Jizan
region showed a close correlation to sulfate content, where it showed a correlation to
leaf and spike biomass traits. The soil of the top layer in the Jouf region is different and
separated on the lower-left side of the CCA biplot, where it showed a correlation to calcium
carbonate and sand contents, and it showed a negative correlation with all morphological
traits (Figure 9a).
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Figure 9. Canonical correspondence analysis (CCA) showing the correlations among the soil variables
of different layers separately ((a): 0–15 cm, (b): 15–30 cm, and (c): 30–45 cm layers), regions, and
morphological traits of A. lagopoides. SFW: shoot fresh weight, SDW: shoot dry weight, RFW: root
fresh weight, RDW: root dry weight, lvs/p; number of leaves per plant, SLA: specific leaf area, Spk/p:
number of spikes per plant, AvgSpkL: average spike length, RA: root area, LT: leaf thickness, SL:
shoot length, RL: root length, Stl/p: number of stolon per plant, LDMC: leaf dry matter content, LFW:
leaf fresh weight, LFW: leaf fresh weight, LDW: leaf dry weight, SpkFW: spike fresh weight, SpkDW:
spike dry weight, ASL: average stolon length.
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The heatmap correlation analysis, based on the soil data of the top layer, revealed that
root biomass (root fresh weight and root dry weight) has a significant correlation with Ca2+,
Na+, Cl−, Clay, and moisture content, while root area showed a significant correlation to
only clay content (Figure S3). On the other hand, specific leaf area showed a significant
positive correlation with organic matter, while leaf dry matter content showed a correlation
to calcium carbonates.

The leaf thickness revealed a significant positive correlation to Na and K contents. The
spike biomass showed a significant correlation with sulfate content. However, leaf dry
weight showed a significant negative correlation with K, bicarbonates, and organic matter
(Figure S3).

For the middle layer of the soil (15–30 cm), the Qaseem and Salwa regions again
showed a close correlation with moisture content, salinity, organic matter, Na, and Ca,
while the Jizan region showed a correlation to the clay content. However, the Jouf region
showed a close correlation to potassium ions but a negative correlation with all studied
plant traits (Figure 9b). Pearson’s correlation heatmap of the middle layer showed that root
biomass significantly correlates with moisture content and sulfate (Figure S3). Moreover,
the specific leaf area showed a significant positive correlation with organic matter like the
top layer. The number of tillers and seeds per plant showed a significant correlation with
the potassium ion. However, leaf biomass revealed a significant negative correlation with
organic matter and calcium carbonates (Figure S3).

The PCA analysis of the lower layer of the soil (30–45 cm) revealed a different pattern
compared to the upper and middle layers (Figure 9c). In this soil layer, the plant traits did
not show a positive correlation to any soil parameters, except for clay, which correlated to
the leaf biomass, spike biomass, and average stolon length of the A. lagopoides growing in
Jizan (Figure 9c). Pearson’s correlation heatmap of the lower layer showed a similar pattern
to the middle layer (Figure S3).

3.6. Cluster Analysis of Regions Based on Soil and Plant Functional Traits

The hierarchical clustering for soil variables showed that Qareenah and Salwa regions
are quite similar and showed a little pit correlation to the Jouf region (Figure 10A). However,
the Jizan region differs in its soil characteristics from other regions. Regarding the plant
functional traits, the Qareenah and Jizan regions are closely related, while Qaseem and
Salwa regions showed a close correlation to each other (Figure 10C). However, the Jouf
region is unique in the functional traits of A. lagopoides.

The combination of clustering with heatmap analysis revealed that the A. lagopoides
populations growing in the Jouf Region showed a negative correlation with all the soil
variables except Na+1 and pH (Figure 10B), while the Salwa region showed a positive
correlation with organic matter and chloride. On the other hand, the heatmap analysis
of morphological traits revealed that A. lagopoides populations growing in the Qareenah
region showed a negative correlation with spike dry weight and fresh weight. In contrast,
the Jizan region was positively correlated with root length and fresh weight. The Salwa
region revealed a positive correlation with spike length (Figure 10D).
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Figure 10. Agglomerative hierarchical clustering (AHC) and heatmaps of the studied parameters
within different saline flat regions of Aeluropus lagopoides. (A) AHC and (B) heatmap based on the
soil variables, (C) AHC and (D) heatmap based on the morphological and reproductive traits. EC:
electrical conductivity, OM: organic matter, SLA: specific leaf area, LDMC: leaf dry matter content.

4. Discussion

Desert vegetation faces various ecological constraints like high temperature, soil salin-
ity, and low soil moisture due to low precipitation, making the desert region a challenging
environment for plants to grow [67]. Under stressful environments, desert grasses show
specific structural and functional modifications in morphological and physiological charac-
teristics to thrive well in such harsh environments [68]. The present study revealed that
the various saline flat areas inhabited by A. lagopoides differed significantly in soil physic-
ochemical characteristics from region to region as well as with soil depth (up to 30 cm),
i.e., among layers (Table 1). These edaphic factors shaped these study sites’ community
structure and species association [55]. Salt stress can cause a reduction in water potential in
soil and can induce osmotic stress in plants [69]. The structural and functional mechanisms
of differently adapted populations of a desert halophyte (A. lagopoides) were studied for its
survival and growth in hyper-arid-saline environments. When species undergo specific
drought events and variable edaphic factors like soil salinity and high pH, they restrict their
growth by utilizing energy for survival rather than further growth and development [70,71].
The continuity of environmental effects and the distance between the studied regions may
support the likelihood for specific characteristics to become fixed in this grass over time.

Soil physical and chemical parameters of the habitats of all these five studied regions
were significantly different, indicating the adaptive potential of A. lagopoides to cope with
variable environmental conditions. Thus A. lagopoides plant faces the dual environmental
stress of salt and water scarcity. Most of the soil physio-chemical characteristics values
like salinity, pH, organic matter, cations, and some anions like Cl, and HCO3, in all three
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soil layers of the inland saline flat area of the Qaseem region, were high, followed by the
inland saline flat area of the Qareenah region (Table 1). The coastal Salwa and Jouf regions
were moderately saline, and the least saline was the coastal saline flat area of the Jizan
region (Table 1). The soil salinity, pH, cations, and anions were highest in the top soil layer
and decreased significantly with depth, where this observation could be attributed to the
high evaporation rate [72]. However, the cations and anions increase in value as soil depth
increases in the Jouf region which could be ascribed to waterlogging at the site of the Jouf
region [73].

Based on these soil characteristic variations, A. lagopoides evolved independently
to these different salt levels among regions and responded quite differently relating to
their morphological and physiological parameters (Figures 2–6). In this study, the highly
saline Qaseem region (25.95 dS·m−1) has the stunted growth of aerial parts of A. lagopoides
(shoot length, stolon length, leaf biomass). This could be due to the high salinity level
in the soil of this region. The same less shoot height was reported in Aeluropuslittoralis
under different salinity [74]. This growth restriction of the aerial part of the plant is
an essential morphological adaptation because a short-statured plant may conserve the
energy required for vital metabolic processes [75]. In contrast, A. lagopoides growing in
an inland saline flat area of the Qaseem region had improved root development, such as
increased root length, high root fresh weight, root dry weight, and more root area than
the low saline Jizan region. The investment in root development is an essential line of
defense against salt stress [76] and determines the capacity of the plants to obtain water
and nutrients [77,78]. Generally, root parameters increase under salinity in most halophytic
species [79], while the opposite is true for glycophytic and less salt-tolerant species [80].
A. lagopoides, an indicator species of highly saline soils, grow well and uses Na+ for many
physiological processes [81,82]. The well-developed root system of A. lagopoides in highly
saline habitats may have provided additional benefits to this plant under physiological
drought in extracting moisture from the deeper soil layer, a common phenomenon in
plants subjected to limited water availability [83]. This observation is supported by data
on biomass allocation, where the A. lagopoides growing in the Qaseem region attained the
highest root/shoot ratio as well as the root mass fraction (Figure 7). This reflects that
when A. lagopoides is subjected to more salinity, it invests more energy in root development
compared to shoot.

On the other side, most aerial parts like shoot length, shoot fresh weight, and shoot dry
weight of the Jouf region were stunted, and the soil was moderately less saline than in the
Qaseem region (Figure 2). This may be due to the combined effect of salinity and drought
(low soil moisture content). Previous studies also reported reduced stem elongation of
Abies alba [84] under saline and drought-prone environments. The number of tillers in
A. lagopoides in the Jouf region is significantly more than in other regions. This, again,
may be due to the low soil salinity of the Jouf region. The high osmotic stress of the salt
outside the roots reduces the formation rate of new leaves and tiller productions [85] in
moderate to high saline regions. A. lagopoides tends to produce thick leaves with low fresh
and dry weight and low LDMC in the Qaseem region (Figure 4). This may be due to the
highest soil salt content and the strongest degree of salinization in this habitat. The leaves
of A. lagopoides became fleshy and developed a lot of water storage palisade tissues and
water transport tissues [86]. Firstly, a fleshy leaf structure can also dilute the cell salt ion
concentration to avoid its toxic effect. Secondly, it can also increase vacuole concentration
and decrease water potential via ion regionalization, thus alleviating the water stress
caused by salt stress [87]. Therefore, forming thick leaves in highly saline habitats may be
a survival strategy for inland salt marsh plants to adapt to the harsh environment for a
longer time.

Regarding reproductive traits, A. lagopoides showed a highly significant difference
among the studied regions. Under the more stressful condition, like in Qaseem and Salwa,
A. lagopoides produce more spikes while showing low spikes in biomass and seeds per plant,
compared to the lowest saline habitats, such as Jouf (Figure 5). This could be explained
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as the plant, under stressful conditions, invests more in seed production and does not
make an effort to produce spikes, which is a strategy to maintain more seeds that is more
important to the survival of the species in harsh environments [88]. The spike number
and inflorescence biomass of Spartina alterniflora have been reported to be decreased with
increasing salinity [89]. However, the Jouf region showed maximum production of spikes
and seeds per plant, while Jizan, in spite of the lowest production, attained the highest
value for fresh and dry weight. This could be due to high spike and seed size and mass
which the plants tradeoff for spike number and seeds based on the resources available in
the habitats they adapt. Plasticity in reproductive investment is also an important trait
in varying environments because changes in spike length, seed number, weight, and size
directly influence plant fitness [90].

Different levels of salinity adversely influence stomatal conductance (gs). A. lagopoides
exhibited declined stomatal conductance (gs) with increasing salinity (Figure 6). It depicts
that stomatal conductance is an effective strategy to prevent water loss for maintaining
the normal function of photosynthetic activity under saline conditions. However, stomatal
conductance decreased in the low saline and low moisture content Jouf region. The decrease
in stomatal conductance could reduce water loss, which is an adaptation mechanism
by plants in dry soil conditions [91]. The highest efficiency of the PSII photochemistry
(Fv/Fm) method has been extensively used to detect plant stress differences in response to
environmental challenges and, consequently, to screen tolerance levels to environmental
stress [92]. The Fv/Fm of A. lagopoides did not show a significant difference among the
studied regions, while all values were under 0.79 (Figure 6), meaning that plants are under
stress conditions.

Under limited resources, A. lagopoides improves its fitness by balancing biomass alloca-
tion between aboveground and belowground plant parts and synergistic morphological
variation between shoot and root systems. In variable environments, plants’ developmental
traits and biomass allocation strategies are responses toward morphological characteristics
of a plant’s location adaptation to resource heterogeneity [93]. Vegetative (especially leaves)
and roots are essential for plants to acquire resources. Plant morphologically changes with
the environmental gradient to obtain most of the resources and strategies ecologically to
adapt to environmental changes [94]. Under both water and salt stress in the Qaseem
region, the roots of A. lagopoides adopted a strategy of root development and expansion to
obtain resources to improve their adaptive ability. Thus A. lagopoides formed a good root
architecture and produced a well-developed network of fibrous roots by increasing the root
area and increasing root biomass. Our results are in agreement with the conclusion that an
increase in soil salt concentration increased root development [95].

Overall, the present results demonstrated that the morphological architecture and
biomass allocation of A. lagopoides are significantly affected in different saline flat area
regions based on habitat heterogeneity vis a vis moisture content and salinity as a strategy
for adaptation to harsh environments.

5. Conclusions

The morphological, reproductive, and physiological traits of A. lagopoides in the present
study show plasticity with the change in the environmental conditions of saline flat area
habitats. The Regions with high salinity, such as Qaseem and Salwa, showed the highest
values of most of the shoot and root traits. However, the population of A. lagopoides in
Qaseem and Salwa showed more spikes and lower spikes in biomass and seeds per plant
compared to the lowest saline habitats, such as Jouf. Under stressful conditions, i.e., high
salinity, the grass produces more seeds instead of spike biomass or other morphological
traits. This plasticity reflects the strategy of A. lagopoides to cope with the harsh/saline
environment. The ability of A. lagopoides to change its morphology with the variations in
the environmental conditions enables it to colonize, dominate, and shape the community
structure within the salt marsh habitat of different regions. The data on biomass allocation
in the present study revealed that A. lagopoides invests more energy toward roots than
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shoots under stressful conditions. Due to the extensive fibrous root network, this plant
could be a promising candidate as a soil stabilizer in saline flat areas during the summer
season. Based on our data, we can conclude that the population of A. lagopoides shows great
potential to rehabilitate the saline habitats of inland and coastal saline flat regions, taking
saline agriculture, saline soil remediation, and stabilization into consideration, particularly
this grass flourished in the dry summer season when these habitats are devoid of forage
vegetation. Further study is recommended to evaluate the transplantation of this promising
forage grass on a large scale in saline rangeland habitats degraded due to heavy grazing of
a few palatable halophytic species.
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Pearson’s Correlation heatmap between the top, middle, and bottom layer soil parameters and
the different morphological and reproductive traits of Aeluropus lagopoides within different saline
flat regions.
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Simple Summary: Greek wild-growing tulips are protected plants, about which there is scarce knowl-
edge regarding their natural nutrient status and rhizosphere fungal morphotypes. In this study, we
collected plant (above-ground and bulb material) and soil samples from 13 tulip species across three
phytogeographical units in Greece, and we assessed the tulips’ nutrient content and soil properties
to determine their interrelationships. We found that soil variables significantly influenced tulip
nutrient content, with up to 67% of the detected variability explained by soil properties. Correlation
patterns were also found between tulips’ essential nutrients. Our study revealed clear distinctions in
nutrient content among tulip species from different spatial (phytogeographic) units. The findings
shed light on Greek tulips’ adaptability and resilience in their natural habitats and may facilitate their
domestication in artificial settings.

Abstract: Wild-growing Greek tulips are protected plants but almost nothing is known about their
natural nutrient status and rhizosphere fungal morphotypes in the wild, thus no insight is currently
available into their growth and adaptation to their natural environment or artificial settings. To this
end, several botanical expeditions were conducted with a special collection permit, and 34 tulip and
soil samples were collected, representing 13 species from two phytogeographical regions of Greece
(North Aegean Islands, Crete Island) and seven regions of mainland Greece. The tulips’ content in
essential macro- and micro-nutrients, respective physicochemical soil properties, and rhizosphere
fungal morphotypes were assessed across samples, and all parameters were subjected to appropriate
statistical analysis to determine their interrelationships. The results showed that soil variables played
a significant role in shaping tulips’ nutrient content, explaining up to 67% of the detected variability
as in the case of phosphorus (P) in the above-ground plant tissue. In addition, significant correlations
were observed (with an r value of up to 0.65, p < 0.001) between essential nutrients in the tulips,
such as calcium (Ca) and boron (B). The principal component analysis (PCA) revealed that between
the three spatial units examined, the total variability of tulips’ nutrient content produced a clear
distinction among sampled species, while the first two PCA axes managed to explain 44.3% of it. This
was further confirmed by the analysis of variance (ANOVA) results which showed corresponding
significant differences (at p < 0.05) in both the tulips’ nutrient content and the studied soil properties
as well (mean values of N, P, and K in the North Aegean Islands tulips’ nutrient content, up to 53%,
119%, and 54% higher compared to those of the Crete Island, respectively). Our study sheds light on
Greek tulips’ adaptability and resilience in their original habitats, facilitating at the same time the
undertaken efforts regarding their conservation and potential domestication in artificial settings.

Keywords: Tulipa spp.; elemental variability; plant nutrients; phytogeographical units; edaphic
variations; arbuscular mycorrhizal fungi
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1. Introduction

Tulips are famous ornamental plants worldwide with high economic importance,
therefore, the demand for new botanical tulips with interesting features is constantly
high [1]. For example, the high demand for Greek botanical tulips has been satisfied to date
by 24 nurseries located in four countries (Greece excepted), and the relatively high prices
of the traded materials may showcase an online global market [1]. In addition, there are
41 botanic gardens around the world involved in the ex situ conservation of almost half of
the Greek tulip species [1]. In Greece, all wild-growing tulips are protected by the Greek
Presidential Decree 67/1981, occurring as wild-growing plants either in the Greek mainland
or some of the Greek islands. These phytogenetic resources include 15 different species of
the genus Tulipa. Among them, six are restricted to Greece (single-country endemics), while
five are local sub-endemics in the Balkan or the Aegean regions extending to neighboring
countries, and three are considered naturalized alien species originating from Asia [2].
Seven of these species are considered as threatened according to the criteria established
by the International Union for Conservation of Nature (IUCN); two of them are assessed
as critically endangered (CR), three as endangered (EN), and two as vulnerable (VU), all
suffering mainly due to over-collection, habitat degradation and land use changes [1,3–5].

In terms of their specific habitat requirements, the Greek tulips have evolved various
adaptations to their local environments in the wider spatial (phytogeographical) units of
the country where they thrive. Likewise, distinct morphological and ecological species-
specific characteristics have also been developed due to the above-mentioned adaptation
process [1,2]. Such adaptation strategies are supported by the combined action of multiple
elements (nutrients) which, once they are taken up by the plant root system, are involved
in various biochemical reactions dictated by species-specific genotypes with individual
variations [6]. Among the latter, macro-nutrients such as nitrogen (N), phosphorus (P),
potassium (K), calcium (Ca), and magnesium (Mg) are considered necessary components
for performing various metabolic processes, for protecting plants from abiotic and biotic
stresses, or for developing their body structure [6–8]. Similarly, micro-nutrients such as
iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), and boron (B), or beneficial elements
such as sodium (Na) are involved in various plant functions such as osmoregulation and
electrochemical reactions [6–8].

As in any plant species, the particularities reflected in the nutrient status of Greek
tulip species or the balance of essential macro- and micro-nutrients in their above-ground
tissues or bulbs can provide valuable insights into their growth regimes, development
patterns, and adaptation strategies to their local environments [9]. For example, it has
been well established that different plant species thriving in similar or even identical soil
environments may strongly differ in their uptake, transport, or accumulation strategies
of nutrients due to the high specificity that each species develop in terms of its ionomic
homeostasis [9]. Accordingly, the differences that might arise between several biotic or
abiotic factors of different ecological environments may largely influence the ionome or the
nutrient status between different species or those of different plant individuals belonging
to the same species [7,10].

In this line, among several environmental conditions that exist in the immediate
vicinity of any terrestrial growing plant (tulip plants as well), soil properties are considered
critical factors since they play a crucial role in determining the availability of plant nutrients,
and eventually in regulating their adaptation strategy and reproduction prerequisites
dictated by each genotype [11]. Thus, differences that might be observed in properties such
as soil texture, CaCO3 content, soil pH, electrical conductivity, or cation exchange capacity
may reflect different patterns of nutrients accumulation or balance in different parts of the
plants, since they generally play a critical role in shaping their overall ionome [12].

In addition to these abiotic factors, certain biotic factors such as microbes also impact the
variations of elemental concentrations in plants thriving in their micro-environments [13–15].
Some of the most typical processes affected or triggered by soil microbial activity include
the mineralization process of soil organic matter and the fixation of nitrogen through
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symbiotic microorganisms as well as the phosphorus or nitrogen acquisition by rhizosphere
mycorrhizal fungi [8,16,17].

The domestication of wild plants with attractive characteristics is highly valued in
the ornamental horticultural sector, especially when they possess rarity or endemism
(uniqueness) [1,18]. Thus, a concerted effort to acquire specialized knowledge about the
nutritional requirements of wild-growing Greek tulip species and the mycorrhizal fungi
present in their rhizosphere could further improve their cultivation potential.

Since maintaining biodiversity is important for the overall health and sustainability of
ecosystems [19], understanding the interaction of different species with biotic and abiotic
factors in their environment is of crucial concern. To this end, nutrient cycling plays a major
role in ecosystem functioning [20] and can act as an indicator of the health status of different
ecosystems [21]. In this regard and considering that both natural and artificial landscapes
are threatened by the ongoing and ever-increasing ecological crisis [19], it is essential to
identify the properties of the habitats of different species for conservation management.
Determining both biotic and abiotic conditions of various habitats can offer knowledge
about the species’ needs in terms of nutrients including interrelationships thereof with other
living factors such as arbuscular mycorrhizal fungi or microbes [19,21]. Thus, establishing
species-specific profiles could possibly provide insight into distribution patterns followed
regarding species and/or habitats of conservation concern.

This study is focused on the protected wild-growing tulips of Greece (some of which
are also threatened with extinction) for which almost nothing is known about their natural
nutrient status, thus no insight is currently available into their growth and adaptation to
their natural environment or artificial settings. Therefore, it should be considered that
constitutes a research gap that needs to be investigated.

Our initial hypothesis was that the status of essential macro- and micro-nutrients in
wild-growing tulips of Greece could offer valuable insights into their growth, reproduction,
and stress tolerance experienced in their natural habitats. Furthermore, we examined how
this overall variance is affected by different functional groups of tulips and analyzed their
distribution across different spatial (phytogeographical) units. Therefore, we aimed to
identify patterns or groupings that could enhance our understanding of their adaptation
strategies to their local environment or specific nutritional requirements for different
tulip groups, while we consider that this information brings novelty to conservation
management research.

The objectives of our study were (i) to explore the nutrient content profiles of wild-
growing Greek tulips analyzing different plant parts (above-ground biomass, and sub-
terranean bulbs); (ii) to investigate their interrelationships with respective soil properties
(physicochemical and microbial) as proxies of ecological conditions under which these
tulips naturally thrive in the wild; and (iii) to decipher the role that different phytogeo-
graphical units may play in shaping differences on the nutritional status of various Greek
tulip species. Based on the above-mentioned, we aimed to shed light on Greek tulips’ adapt-
ability and resilience in their original habitats, facilitating at the same time the undertaken
efforts regarding their conservation and potential domestication in artificial settings.

2. Materials and Methods

2.1. Focal Greek Tulips

In this study, 13 (86.7%) of the Greek Tulipa species are included (Figures 1 and 2,
Table 1). Plant nomenclature of the Greek tulip species studied herein follow the Flora of
Greece web version IV (https://portal.cybertaxonomy.org/flora-greece/intro, accessed on
22 February 2023).
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(A)—T. undulatifolia Boiss. (B)—T. doerfleri Gand. (C)—T. hageri Heldr. 

(D)—T. orhanidea Boiss. ex 
Heldr. 

(E)—T. clusiana Redouté (F)—T. aegenensis DC. 

  

(G)—T. raddii Reboul (H)—T. raddii overcollected (I)—T. australis Link 

   

(J)—T. saxatilis Spreng. (K)—T. cretica Boiss. & Heldr. (L)—T. bakeri A.D. Hall 

Figure 1. Cont.
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(M)—T. bithynica Baker (N)—T. goulimyi Sealy & 
Turrill (Peloponnese) 

(O)—T. goulimyi  
(Kithyra Island) 

Figure 1. Flowering individuals of mainly segetal (A–H) and rock-dwelling or non-segetal (I–O)
wild-growing tulips of Greece employing different biogeographical groups such as Greek endemic
ones (T. bakeri, T. cretica, T. doerfleri, T. goulimyi, T. hageri, T. orphanidea), sub-endemic ones extending
to Turkey and/or the Balkans (T. bithynica, T. saxatilis, T. undulatifolia), Mediterranean (T. australis)
and Asiatic ones naturalized in Greece (T. aegenensis, T. clusiana, T. raddii).

  
(a) (b) 

  
(c) (d) 

Figure 2. Examples of sampling materials from wild-growing tulip individuals of Greece collected
with permission and studied herein: (a) propagation materials for ex situ conservation, soil and leaf
samples for nutrient diagnostics, and root samples for mycorrhiza analysis collected from Tulipa
orphanidea; (b) leaf samples of Tulipa orphanidea; (c) bulb samples of Tulipa goulimyi; and (d) Mycorrhiza
samples from different individuals of Tulipa bakeri.
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Table 1. Collection details and IPEN (International Plant Exchange Network) accession numbers
associated with the living material samples regarding the Tulipa spp. from Greece studied herein.
Different Tulipa spp. are arranged alphabetically. For each species, the letter in the parentheses
denotes different tulip samples collected (1–6 samples per species).

Tulipa Species
IPEN

Accession
Altitude (m)

Phytogeographical
Unit of Greece

Latitude
(North)

Longitude
(East)

T. agenensis (a) GR-BBGK-1-22,2 101 North Aegean Islands 38.33376 26.081543

T. agenensis (b) GR-BBGK-1-22,15 99 North Aegean Islands 38.333713 26.081833

T. australis (a) GR-BBGK-1-21,115 1554 Mainland 40.096552 21.114582

T. australis (b) GR-BBGK-1-21,116 1856 Mainland 40.096552 21.114582

T. australis (c) GR-BBGK-1-22,54 477 Mainland 37.809379 23.941191

T. bakeri (a) GR-BBGK-1-21,8 1057 Crete 35.330758 23.896977

T. bakeri (b) GR-BBGK-1-22,28 1065 Crete 35.331772 23.907389

T. bithynica (a) GR-BBGK-1-22,19 870 North Aegean Islands 39.161205 26.066789

T. clusiana (a) GR-BBGK-1-22,1 422 North Aegean Islands 38.304548 26.056388

T. cretica (a) GR-BBGK-1-21,79 12 Crete 34.957198 25.099697

T. cretica (b) GR-BBGK-1-21,83 57 Crete 35.549880 24.150415

T. cretica (c) GR-BBGK-1- 22,7 131 Crete 35.551054 24.147271

T. cretica (d) GR-BBGK-1-22,9 158 Crete 35.222128 26.212745

T. cretica (e) GR-BBGK-1-22,21 974 Crete 34.957373 25.100580

T. doerfleri (a) GR-BBGK-1-21,106 743 Crete 35.207935 24.560692

T. doerfleri (b) GR-BBGK-1-22,33 773 Crete 35.213769 24.567137

T. goulimyi (a) GR-BBGK-1-21,39 415 Mainland * 36.16800 22.96600

T. goulimyi (b) GR-BBGK-1-21,4 411 Mainland * 36.2531000 22.9677000

T. goulimyi (c) GR-BBGK-1-21,41 616 Mainland 36.8283000 22.9475000

T. goulimyi (d) GR-BBGK-1-22,25 177 Crete 35.503031 23.754020

T. hageri (a) GR-BBGK-1-21,67 516 Mainland 40.799011 23.389939

T. hageri (b) GR-BBGK-1-21,102 428 Mainland 40.421873 23.694688

T. hageri (c) GR-BBGK-1-22,55 544 Mainland 38.190514 23.794406

T. orphanidea GR-BBGK-1-21,44 876 Mainland 37.30900 22.42200

T. raddii (a) GR-BBGK-1-21,285 183 North Aegean Islands 38.28275 26.07461

T. raddii (b) GR-BBGK-1-22,3 381 North Aegean Islands 38.319157 26.055302

T. saxatilis (a) GR-BBGK-1-21,105 721 Crete 35.213210 24.564025

T. saxatilis (b) GR-BBGK-1-22,8 518 Crete 35.419784 23.740193

T. saxatilis (c) GR-BBGK-1-22,14 95 Crete 35.074496 25.806127

T, saxatilis (d) GR-BBGK-1-22,2 599 Crete 35.176982 24.997673

T. saxatilis (e) GR-BBGK-1-22,27 531 Crete 35.419784 23.740193

T. saxatilis (f) GR-BBGK-1-22,43 830 Crete 35.1696440 25.4882520

T. undulatifolia (a) GR-BBGK-1-22,4 25 North Aegean Islands 38.203085 26.030258

T. undulatifolia (b) GR-BBGK-1-22,11 445 Mainland 38.090000 23.230000

* Kythira island is situated between mainland Greece and Crete but here is classified into mainland Greece due to
stronger floristic similarities.
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2.2. Collection of Samplings

Samples from about 5–10 wild-growing individuals of each studied species were
collected during botanical expedition in 2020 and 2021 in the frame of the research project
TULIPS.GR (Figure 2, Table 1). The samples included specimens for ex situ conservation,
soil samples, above-ground leaf samples, and below-ground bulbs for nutrient analysis as
well as samples for mycorrhiza analysis (Figure 2). All collections were performed using a
special permission issued yearly (182336/879 of 16 May 2019, 64886/2959 of 6 July 2020
and 26895/1527 of 21 April 2021) by the national competent authority, namely the Greek
Ministry of Environment and Energy.

2.3. Classification of Studied Species into Functional Groups

The sampled wild-growing Greek tulip species were classified into different func-
tional groups (Table 2) based on species-specific biological data [2], such as taxonomic
identity and phytogeographical distribution, chorological origin, ecological preferences in
terms of habitat types and altitudinal range and categories thereof, and threatened status
according to IUCN (International Union for the Conservation of Nature) extinction risk
assessments [3,4]. The following functional groups of Greek tulips were outlined:

1. Tulips of mainland Greece and insular tulips of Greece (North Aegean tulips and
Cretan tulips);

2. Alien naturalized tulips and wild-growing Greek native tulips;
3. Greek endemic tulips, sub-endemic tulips, and tulips of wider distribution range;
4. Non-threatened and threatened tulips (critically endangered, endangered and vulnerable);
5. Tulips of small altitudinal range (lowland tulips, tulips of intermediate altitudes),

tulips of wide altitudinal range (tulips of lowland to intermediate altitudes, tulips
of intermediate to high altitudes) and tulips of very wide altitudinal range (tulips
occurring from lowlands to high altitudes);

6. Tulips associated with agricultural habitat types, tulips associated with natural habitat
types, and tulips occurring in both agricultural and natural habitat types;

7. Rock-dwelling tulips and tulips not occurring in rocky habitats;
8. Segetal tulips and tulips not occurring in agricultural habitats;
9. Early flowering tulips, mid-spring flowering tulips, and late flowering tulips.

2.4. Soil and Plant Analysis

A total of 34 surface soil samples (0–30 cm) were collected in the sampling area in
which the respective plant material (tulip above-ground biomass, or bulb) was also collected.
Soil samples were air-dried and passed through a 2-mm sieve. Then, they were analyzed in
triplicate for the properties described hereafter. Determination of soil texture and respective
distribution in sand, silt, and clay particles was conducted by the hydrometer method [22].
Organic carbon (C) was determined by the wet oxidation method [23] and CaCO3 was
assessed using a calcimeter. The pH was measured in a 1:2 (w/v) water suspension, while
the electrical conductivity of the soil solution was determined in the saturation extract
(ECse). The sodium absorption ratio (SAR), representing an intensity factor of Na in the
soil solution, relative to Ca and Mg, was calculated as follows:

SAR =
Na+√

Ca2++Mg2+

2

(1)

where each chemical element symbol indicates a concentration in millimoles of charge per
liter (mmolc L−1) [24]. The hexamminecobalt(III) chloride ([Co(NH3)6]Cl3) method (ISO
23470) was used to assess the cation exchange capacity (CEC).

237



Biology 2023, 12, 605

T
a

b
le

2
.

O
ve

rv
ie

w
of

th
e

fu
nc

ti
on

al
gr

ou
p

s
of

th
e

sa
m

p
le

d
w

ild
-g

ro
w

in
g

G
re

ek
tu

lip
sp

ec
ie

s
(N

=
13

)
ba

se
d

on
bi

ol
og

ic
al

(t
ax

on
om

ic
al

,
ph

yt
og

eo
gr

ap
hi

ca
l,

ch
or

ol
og

ic
al

,a
nd

ec
ol

og
ic

al
)d

at
a

[2
]a

nd
th

re
at

en
ed

st
at

us
ac

co
rd

in
g

to
IU

C
N

(I
nt

er
na

tio
na

lU
ni

on
fo

r
th

e
C

on
se

rv
at

io
n

of
N

at
ur

e)
ex

ti
nc

ti
on

ri
sk

as
se

ss
m

en
ts

[3
,4

]:
C

R
—

cr
it

ic
al

ly
en

da
ng

er
ed

;E
N

—
en

da
ng

er
ed

;V
U

—
vu

ln
er

ab
le

.

T
u

li
p

s
(T

ul
ip

a
sp

p
.)

P
h

y
to

g
e
o

g
ra

p
h

ic
a
l

S
ta

tu
s

C
h

o
ro

lo
g

ic
a
l

S
ta

tu
s

T
h

re
a
te

n
e
d

S
ta

tu
s

A
lt

it
u

d
in

a
l

C
la

ss
(A

lt
it

u
d

in
a
l

R
a
n

g
e

in
m

)
H

a
b

it
a
t

T
y

p
e
s

R
o

ck
-D

w
e
ll

in
g

S
e
g

e
ta

l
F

lo
w

e
ri

n
g

T.
ag

en
en

si
s

N
at

ur
al

iz
ed

al
ie

n
Ir

an
o-

Tu
ra

ni
an

(C
hi

os
Is

la
nd

,G
re

ec
e)

N
o

Lo
w

la
nd

(0
–3

00
)

A
gr

ic
ul

tu
ra

l1
N

o
Ye

s
Ea

rl
y

T.
au

st
ra

lis
W

ild
-g

ro
w

in
g

na
ti

ve
M

ed
it

er
ra

ne
an

-S
W

A
si

at
ic

N
o

In
te

rm
ed

ia
te

to
hi

gh
(5

00
–2

00
0)

N
at

ur
al

2
Ye

s
N

o
La

te

T.
ba

ke
ri

W
ild

-g
ro

w
in

g
na

ti
ve

G
re

ek
en

de
m

ic
(C

re
te

)
Ye

s
(C

R
)

In
te

rm
ed

ia
te

(7
00

–1
30

0)
A

gr
ic

ul
tu

ra
la

nd
na

tu
ra

l3
Ye

s
N

o
M

id
-s

pr
in

g

T.
bi

th
yn

ic
a

W
ild

-g
ro

w
in

g
na

ti
ve

Su
be

nd
em

ic
(L

es
vo

s,
G

re
ec

e-
A

na
to

lia
)

N
o

Lo
w

la
nd

(2
00

–8
00

)
A

gr
ic

ul
tu

ra
la

nd
na

tu
ra

l4
N

o
N

o
M

id
-s

pr
in

g

T.
cl

us
ia

na
N

at
ur

al
iz

ed
al

ie
n

Ir
an

o-
Tu

ra
ni

an
(C

hi
os

Is
la

nd
,G

re
ec

e)
N

o
Lo

w
la

nd
(1

00
–6

00
)

A
gr

ic
ul

tu
ra

l5
N

o
N

o
Ea

rl
y

T.
cr

et
ic

a
W

ild
-g

ro
w

in
g

na
ti

ve
G

re
ek

en
de

m
ic

(C
re

te
)

Ye
s

(E
N

)
Lo

w
la

nd
to

hi
gh

(0
–2

10
0)

N
at

ur
al

6
Ye

s
N

o
Ea

rl
y

T.
do

er
fle

ri
W

ild
-g

ro
w

in
g

na
ti

ve
G

re
ek

en
de

m
ic

(C
re

te
)

Ye
s

(C
R

)
Lo

w
la

nd
(4

00
–8

00
)

A
gr

ic
ul

tu
ra

l7
N

o
Ye

s
M

id
-s

pr
in

g

T.
go

ul
im

yi
W

ild
-g

ro
w

in
g

na
ti

ve

G
re

ek
en

de
m

ic
(P

el
op

on
ne

se
,n

ea
rb

y
is

la
nd

s
to

C
re

te
)

Ye
s

(V
U

)
Lo

w
la

nd
(0

–9
00

)
N

at
ur

al
8

N
o

N
o

Ea
rl

y

T.
ha

ge
ri

W
ild

-g
ro

w
in

g
na

ti
ve

G
re

ek
en

de
m

ic
(S

te
re

a
H

el
la

s,
Pe

lo
po

nn
es

e
an

d
no

rt
h

G
re

ec
e)

Ye
s

(E
N

)
Lo

w
la

nd
to

in
te

m
ed

ia
te

(1
00

–1
20

0)
A

gr
ic

ul
tu

ra
la

nd
na

tu
ra

l9
N

o
Ye

s
M

id
-s

pr
in

g

T.
or

ph
an

id
ea

W
ild

-g
ro

w
in

g
na

ti
ve

G
re

ek
en

de
m

ic
(S

te
re

a
H

el
la

s,
Pe

lo
po

nn
es

e)
Ye

s
(E

N
)

Lo
w

la
nd

to
in

te
m

ed
ia

te
(7

00
–1

60
0)

A
gr

ic
ul

tu
ra

la
nd

na
tu

ra
l10

N
o

Ye
s

Ea
rl

y

T.
ra

dd
ii

N
at

ur
al

iz
ed

al
ie

n
Ea

st
M

ed
it

er
ra

ne
an

(C
hi

os
is

la
nd

)
N

o
Lo

w
la

nd
(0

–4
00

)
A

gr
ic

ul
tu

ra
l11

N
o

Ye
s

Ea
rl

y

T.
sa

xa
til

is
W

ild
-g

ro
w

in
g

na
ti

ve
Su

be
nd

em
ic

(S
ou

th
A

eg
ea

n,
A

na
to

lia
)

N
o

Lo
w

la
nd

to
in

te
m

ed
ia

te
(2

00
–1

30
0)

A
gr

ic
ul

tu
ra

la
nd

na
tu

ra
l12

Ye
s

N
o

Ea
rl

y

T.
un

du
la

tif
ol

ia
W

ild
-g

ro
w

in
g

na
ti

ve
Su

be
nd

em
ic

(B
al

ka
n-

A
na

to
lia

)
Ye

s
(V

U
)

Lo
w

la
nd

(1
00

–8
00

)
A

gr
ic

ul
tu

ra
l13

an
d

na
tu

ra
l

N
o

Ye
s

Ea
rl

y

1 :C
la

y
ce

re
al

fie
ld

s
an

d
te

rr
ac

ed
ol

iv
e

gr
ov

es
.2 :R

oc
ky

fla
ts

,s
cr

ee
s,

m
ea

do
w

s,
op

en
w

oo
dl

an
d,

ve
rg

es
of

m
ou

nt
ai

n
ro

ad
s,

an
d

ro
ck

y
sl

op
es

.3 :M
ou

nt
ai

n
pl

at
ea

u
fi

el
d

m
ar

gi
ns

,i
n

sc
ru

b
or

by
gr

av
el

ly
st

re
am

si
d

es
.4 :

Te
rr

ac
ed

ol
iv

e
gr

ov
es

an
d

op
en

C
as

ta
ne

a
w

oo
d

la
nd

.5 :
Se

as
on

al
ly

w
et

si
te

s
w

it
h

cu
lt

iv
at

ed
an

d
fa

llo
w

fie
ld

s.
6 :O

pe
n

ha
bi

ta
ts

an
d

ph
ry

ga
na

w
it

h
ri

ch
te

rr
a

ro
ss

a
or

ro
ck

y
an

d
st

on
y

m
ou

nt
ai

n
sl

op
es

.7 :C
ul

ti
va

te
d

an
d

fa
llo

w
fie

ld
s

an
d

ol
iv

e
gr

ov
es

.8 :T
er

ra
ro

ss
a

w
it

h
ph

ry
ga

na
.9 :X

er
ic

M
ed

it
er

ra
ne

an
ph

ry
ga

na
an

d
gr

as
sl

an
d

or
in

ag
ri

cu
lt

ur
al

ha
bi

ta
ts

.10
:M

ea
do

w
s

an
d

fo
rm

er
ly

cu
lt

iv
at

ed
la

nd
in

do
lin

es
.11

:D
ee

p
cl

ay
te

rr
ac

ed
ol

iv
e

an
d

m
as

ti
c

gr
ov

es
as

w
el

la
s

in
ce

re
al

fie
ld

s.
12

:R
oc

k-
d

w
el

le
r

in
ro

ck
y

lim
es

to
ne

hi
lls

an
d

fl
at

s.
13

:S
oi

lp
oc

ke
ts

on
ro

ck
y

an
d

st
on

y
sl

op
es

w
it

h
ph

ry
ga

na
or

op
en

w
oo

dl
an

d
or

as
a

w
ee

d
in

cu
lt

iv
at

ed
an

d
fa

llo
w

fie
ld

s
an

d
ol

iv
e

gr
ov

es
.

238



Biology 2023, 12, 605

As far as the available macro- and micro-nutrients are concerned, soil available P
was extracted using 0.5 M NaHCO3, pH 8.5, and was measured by the molybdenum blue-
ascorbic acid method [25]. Extraction with 1 M KCl was used to determine both NO3-N
and NH4-N, whereas the measurement was conducted with UV-Vis spectrometry and the
sodium salicylate-sodium nitroprusside method, respectively [26]. Exchangeable cations
(K, Ca, Mg, Na) were extracted with 1 M ammonium acetate (CH3COONH4), pH 7 [27];
K and Na were measured with flame photometry, while Ca and Mg were measured by
atomic absorption spectrometry. The DTPA method [28] was used for Cu, Zn, Fe, and Mn
extraction, which were measured by atomic absorption spectrometry as well. Boron was
extracted with hot water and the determination was carried out with the azomethine-H
method by UV-Vis spectrometry [29].

Sub-samples of the above-ground biomass or bulbs of each tulip species collected at
the flowering stage were ashed at 500 ◦C for a four-hour minimum [30]. The ash was then
dissolved in 2 M HCl following filtration, while the filtrate was used for the determination of
P, K, Ca, Mg, Cu, Zn, Fe, Mn, and B employing the analytical methods described previously
for soil analysis. In addition, the above-ground biomass and bulbs were analyzed for total
N by the Kjeldahl method [31]. All plant samples were also analyzed in triplicate and their
values are presented as their mean.

The wet sieving and decanting method with density gradient centrifugation described
by [32] was used for arbuscular mycorrhizal fungi (AMF) spore extraction from 50 g soil
samples. The spores were then counted and observed under a dissecting scope at 20–35×
magnification and were grouped into morphotypes.

2.5. Statistical Analysis

For each plant or soil parameter determined among different species and sampling
sites, descriptive statistics were applied, while the three spatial (phytogeographical) regions
of Greece (North Aegean Islands, Crete Island, and mainland Greece) were set as a factor
with three levels, and analysis of variance (ANOVA) was conducted. The protected least
significant difference (LSD) test was used for mean comparisons at p ≤ 0.05 to investigate
differences between plant or soil parameters whereas correlation analysis and principal
component analysis (PCA) was also applied to tulips’ nutrients content variables. In addi-
tion, linear or linearized single and multiple regression models were fitted to investigate the
effects of soil properties on Greek tulips’ above-ground macro- and micro-nutrients content
variability. All analyses were conducted using the Statgraphics software (STATGRAPH-
ICS, CENTURION 18, version 18.1.12, STATPOINT TECHNOLOGIES, Inc., The Plains,
VA, USA), and the PCA results were visualized using R software (V.4.2.2) with “ggplot2”
package.

3. Results

3.1. Soil Properties of the Studied Samples

The descriptive statistics of the selected physicochemical properties of the soils are
presented in Table 3. The coefficient of variation expressed as a percentage (CV, the ratio
of the standard deviation to mean) for the general properties (Table 3) was in the range of
11.2–170.4%, indicating that for variables such as CaCO3, OC, ECse, total N, or clay content
and CEC, there was a greater dispersion.

239



Biology 2023, 12, 605

Table 3. Descriptive statistics of the studied physicochemical soil properties and the respective soil
available concentrations of macro- and micro-nutrients. SD: standard deviation; CV: coefficient of
variation; OC: organic carbon; CEC: cation exchange capacity; ECse: electrical conductivity of the
saturation extract; Kex, Naex, Caex, Mgex: exchangeable amounts of K, Na, Ca, Mg, extracted with
the ammonium acetate method; and B-HW: Boron extracted with the hot water method.

Variable Min. Max. Median Mean SD CV%

Sand (%) 20.8 78.2 49.6 48.9 13.8 28.2%
Silt (%) 10.4 53.2 26.7 28.1 9.3 33.1%

Clay (%) 6.4 47.0 18.2 23.0 12.8 55.4%
pH 5.20 7.90 7.65 7.21 0.81 11.2%

CaCO3 (%) 0.0 62.4 2.1 9.0 15.4 170.4%
OC (%) 0.64 12.12 1.39 2.39 2.30 96.3%

Total N (%) 0.08 0.80 0.16 0.22 0.16 72.6%
C/N 6.50 15.30 9.60 9.60 2.00 20.8%

CEC (cmolc kg–1) 7.2 56.9 24.4 24.3 12.5 51.7%
ECse (ds m−1) 0.14 2.64 0.45 0.57 0.50 84.7%

Kex (mg kg–1) 34 900 258 275 214 77.8%
Naex (mg kg–1) 12.7 96.3 49.2 47.9 20.5 42.9%
Caex (mg kg–1) 616 8472 3856 3663 1981 54.1%
Mgex (mg kg–1) 97 884 225 357 256 71.6%

NO3-N (mg kg–1) 1.1 98.7 7.3 13.0 17.5 134.5%
NH4-N (mg kg–1) 2.6 48.3 11.8 12.5 8.2 65.1%
P-Olsen (mg kg–1) 0.90 45.20 4.45 6.16 7.95 129.0%

Cu-DTPA (mg kg–1) 0.64 2.77 1.26 1.42 0.60 39.4%
Zn-DTPA (mg kg–1) 0.31 7.09 0.71 1.33 1.50 114.4%
Fe-DTPA (mg kg–1) 3.6 95.0 20.5 27.7 23.7 85.7%
Mn-DTPA (mg kg–1) 5.4 115.2 20.0 27.4 21.7 79.0%

B-HW (mg kg–1) 0.25 1.81 0.56 0.67 0.40 53.6%

As far as soils’ fertility status is concerned, NO3-N, P, and K were among the soil
available macro-nutrients with the largest variability, whereas the same was also the case
with the micro-nutrients Zn, Fe, and Mn. On the contrary, concentration values of soil
available Ca, NH4-N, as well as Cu and B turned out to be more stable with lower variations.

3.2. Nutritional Status of the Studied Greek Tulip Species

The nutritional status of the above-ground biomass of the sampled Greek tulips was
examined and the results are presented as boxplots in Figure 3, while the respective proce-
dure was also followed for bulb samples (Supplementary Material Figure S1). As regards
the above-ground biomass samples, the concentrations of macro- and micro-nutrients
generally varied among species, while T. undulatifolia recorded the highest values for N,
K, and Mg, T. orphanidea for P, whereas T. saxatilis and T. cretica for Ca, and N, accordingly.
On the contrary, for the same elements (with the sequence of N, P, K, Ca, Mg, and Na,
respectively), the lowest values were recorded for T. australis, T. saxatilis, T. bakeri, T. hageri,
T. clusiana, and T. orphanidea.

Regarding the cationic micro-nutrient concentration, T. doerfleri was found to contain
the highest values in Fe and Mn, while the same species recorded the lowest values in Cu.
T. australis on the other hand, was found high in Zn above-ground biomass concentration
while T. agenensis in Cu concentration. The lowest values in Zn, Fe, and Mn were recorded
in T. hageri, T. clusana, and T. raddii, respectively. However, B concentration of above-ground
biomass among species did not follow large variation patterns, and the distribution of its
variance proved to be the most stable of all micro-nutrients studied.
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Figure 3. Boxplots showing concentrations of (a) macro-nutrients (N, P, K, Ca, and Mg) and beneficial
element Na, and (b) micro-nutrients (Cu, Zn, Fe, Mn, and B) in above-ground biomass of wild-
growing Greek tulip species. Box colors represent different Tulipa species.
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3.3. Interrelationships between Tulips’ Essential Macro- and Micro-Nutrients Content

Pearson correlations between the set of nutrient content variables examined in the
above-ground biomass of tulips revealed significant positive or negative correlations in
each case and the results are shown in Table 4. Among them, worth noting are the positive
correlations between the three major macro-nutrients (N, P, and K), while the same also
applied as expected for Ca and Mg (r = 0.49, p ≤ 0.01). In addition, B was found to be
positively correlated with Ca, Mg, and Na (with r value ranging up to 0.65, p ≤ 0.001),
whereas negative correlations on contrary were observed between B and P (r = −0.65,
p ≤ 0.001). The latter was also negatively correlated with Ca and Na, while as far as the
micro-nutrients are concerned, strong and positive correlations were also found between
Fe and Mn (r = 0.62, p ≤ 0.001).

Table 4. Pearson correlation matrix with respective r values between above-ground biomass concen-
trations of the studied macro- and micro-nutrients of the wild-growing Greek tulip species. Asterisks
(*, **, ***) indicate significant r values at p < 0.05, 0.01, and 0.001, respectively; n = 34.

N K Na Ca Mg Cu Zn Fe Mn P

K 0.31 a

Na 0.21 −0.04
Ca −0.17 0.09 0.38 *
Mg −0.22 −0.09 0.15 0.49 **
Cu 0.35 * 0.11 −0.17 −0.14 0.10
Zn 0.44 ** 0.19 0.07 −0.01 −0.24 0.09
Fe −0.28 −0.36 * 0.10 0.14 0.39 * −0.34 −0.10
Mn 0.01 −0.31 a 0.11 −0.10 0.17 −0.23 0.07 0.62 ***
P 0.39 * 0.40 * −0.40 * −0.57 *** −0.13 0.46 ** 0.22 −0.27 0.02
B −0.19 −0.16 0.57 *** 0.65 *** 0.49 −0.20 −0.04 0.37 * 0.15 −0.65 ***

a p = 0.08.

3.4. Relationships between Rhizosphere’s Arbuscular Mycorrhizal Fungi (AMF) Spore
Morphotypes, Soil Parameters, and Tulips Nutrients Content

The results from Pearson correlations concerning the arbuscular mycorrhizal fungi
(AMF) spore morphotypes showed that among all studied nutrients of tulips’ above-ground
biomass, they were significantly and positively correlated only with N (r = 0.4, p ≤ 0.05).
As regards the soil parameters, on the contrary, a negative correlation was found with
soil available NH4-N (r = −0.38, p ≤ 0.05), while the same was also the case with soil Mn
and Fe extracted with DTPA, respectively (r = −0.36, p ≤ 0.05, r = −0.44, p ≤ 0.01). A
negative correlation was found with regard to the soil texture parameter between AMF
spore morphotypes and the percentage of sand (r = −0.34, p ≤ 0.05).

3.5. Nutrients Variability of Wild-Growing Greek Tulips and Functional Types Distribution

The PCA analysis (Figure 4a) revealed that the major portion of the total variance
(almost 80%) of the studied variables (nutrients’ content of above-ground biomass, and
fungi morphotypes) was grouped between five components, and the two of them explained
44.3% of it (Figure 4b). The variables that most contributed in the first two PCA axes were
the elements B (15.7%) and Ca (13.6%), P (12.7%), N (9.8%), and K (9.2%), whereas Mn and
Fe contributed mostly on the third component (30% and 26.7%, respectively).
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(a) (b) 

Figure 4. Principal component analysis (PCA) of (a) the studied macro- and micro-nutrients of tulips’
above-ground biomass (vectors), and (b) the respective contribution of each component to their total
variability.

The distribution of individuals of the PCA analysis (sampled tulips species) as scat-
tered between the first two components was further evaluated using the sampling location
as categorial factor as well as the tulips’ functional properties to explore potential dis-
tribution similarity patterns. The results presented in Figure 5 reveal that between the
three spatial (phytogeographical) units examined (North Aegean Islands, Crete Island,
mainland Greece), the total nutrients’ variability produced a clear distinction among sam-
pled species. More specifically, the samples of the North Aegean Islands were scattered in
the upper left quadrant of the PCA plot (Figure 5), indicating a strong association with the
respective variables of N, K, and Cu, and with the AMF spores morphotypes (Figure 4a).
On the contrary, most of the Cretan samples were scattered in the upper right quadrant
(Figure 5), showing respective association with B, Ca, Na, and Mg (Figure 4a). A corre-
sponding association was also observed between the Cretan samples scattered in the lower
wright quadrant with Fe and Mn variables, respectively.

Respective though much less distinct patterns were also observed regarding the
other functional groups of the studied tulip species outlined in Section 2.3 (Figure 6). For
example, the rock-dwelling Greek tulips were mostly scattered in the positive side of the
first component axis whereas all other tulip species occupied the negative side. Similarly,
the mid-spring flowering Greek tulips were polarized in the most negative side of the
second component axis compared with the early or late flowering ones. Concerning the
altitudinal class, the lowland Greek tulip species primarily represented by the samples of
the North Aegean Islands were scattered in the upper left quadrant of the PCA plot. The
latter indicated a strong association of this group of tulips with the respective variables of
N, K, and Cu, and with the AMF spores morphotypes as well. The distribution pattern
of the chorological status was rather indistinct, denoting that the variability of the tulips’
nutrients should not be considered a major factor driving differences between these groups.
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Figure 5. Distribution of each sampled tulip species as scattered among the first two components
of the PCA (95% confidence ellipses), and respective grouping in terms of their specific spatial
(phytogeographical) units (location) namely North Aegean Islands, Crete Island, and mainland
Greece.

3.6. Effects of Soil Properties on Greek Tulips’ Above-Ground Macro- and Micro-Nutrients Content
Variability

Linear or linearized single and multiple regression models were fitted among the
dependent variables of tulips’ above-ground biomass elements concentrations, setting
as independent variables the soil physicochemical properties. The results presented in
Table 5 revealed significant relationships for all studied macro- and micro-nutrients, while
parameters such as ECse and CEC in some cases managed to explain almost up to 70% of
nutrient’s concentration total variance (dependent variable, leaf P).
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(a) (b) 

  
(c) (d) 

Figure 6. Distribution of each sampled tulip species as scattered betweem the first two components of
the PCA (95% confidence ellipses), and respective grouping in terms of (a) different altitudinal classes;
(b) rock-dwelling habit or not (petrphilous); (c) period of spring flowering; and (d) chorological
status.

Except for the CEC and ECse parameters, pH, CaCO3, clay, and OC content were also
among the soil properties that contributed the most, while notably, respective soil available
concentrations played a significant role in explaining their variance only in the case of Na,
Cu, and Zn plants’ concentrations.
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Table 5. Single and multiple regression models between the tulips’ above-ground biomass elements
concentrations (Y) and the respective soil physicochemical properties (X). r2: coefficient of deter-
mination; OC: organic carbon; CEC: cation exchange capacity; ECse: electrical conductivity of the
saturation extract; and Naex: exchangeable amounts of Na extracted with the ammonium acetate
method; n = 34.

Dependent
Variable (Y)

Independent
Variable (X)

Model r2 % p-Value

N Clay Simple linear 32.2 0.0005
P ECse, CEC Multiple reciprocal-Y 67.1 0.0000
K CaCO3, OC%, CEC Multiple linear 58.2 0.0000
Ca pH, ECse Multiple linear 49.6 0.0000
Mg ECse Double squared 43.1 0.0000
Na Naex Double reciprocal 56.4 0.0000
Cu Cu-DTPA Double squared 22.1 0.0050
Zn Zn-DTPA, pH, ECse Multiple linear 57.5 0.0000
Fe pH, OC% Multiple linear 21.6 0.0258
Mn pH, OC% Multiple linear 47.5 0.0001
B ECse Squared-Y square root-X 38.3 0.0001

3.7. Evaluating Differences in Nutrients Profile and in Soil Properties between Different
Spatial Units

The classification of tulip species in the three spatial (phytogeographical) units of North
Aegean Islands, Crete Island and mainland Greece was set as a factor in the analysis of
variance (ANOVA) that was conducted. The latter was chosen because of the clear grouping
patterns that the PCA analysis provided (Figure 5) in conjunction with the relationships
that were shown between tulips’ above-ground biomass elements concentrations and the
soil physicochemical properties. Thus, potential statistical differences were investigated for
three sets of variables: (a) macro- and micro-nutrient content of the tulips’ above-ground
biomass alongside with the assessed number of fungal morphotypes found in each sample,
(b) macro- and micro-nutrient content of bulbs, and (c) soil physicochemical properties.

The results presented in Table 6 showed that regarding the nutrient content of the
above-ground biomass of Greek tulip species, statistically significant differences were found
for most of the cases (except Mg, and Zn concentration mean values). More specifically,
North Aegean tulips were associated with the higher concentrations in the three of the
major macro-nutrients (N, P, K) alongside Cu as compared with the respective elements
measured in tulips sampled from Crete. The same was also the case with the fungal
morphotypes while North Aegean tulips presented the lowest mean values in Ca, Na, Fe,
and Mn compared to the Cretan ones. On the contrary, the mean values of the above-
mentioned variables recorded in the tulips from mainland Greece were either polarized
with the respective values of North Aegean tulips (P, Ca, and Na) or with those in tulips
from Crete (N, K, Cu, and fungi morphotypes) or they were clustered in the middle without
differing significantly with none of them (Fe, and Mn).

Interestingly, agreement with the above results was only noted for exchangeable K
and Cu extracted with DTPA in terms of available macro- and micro-nutrients in soil
(Table 7), while even contradictory results were recorded as in the case of soil available
Ca. More particularly, even though its concentration in soils sampled from the North
Aegean Islands was found high (as exchangeable Ca), the corresponding values of the
above-ground biomass were significantly lower compared with those of Crete. In addition,
it is noteworthy that unlike the above-ground biomass, nutrient content in tulip bulbs
did not show corresponding differences between location groups linked with sample
collections (data not shown). On the other hand, among several soil properties studied
(Table 7), CEC values were found to be significantly higher in North Aegean samples as
compared with those from Crete or mainland Greece, whereas this trend also stood for the
clay content parameter, in which, however, significant differences occurred only between
North Aegean Islands and Crete. In addition, the mean values of CaCO3 content differed
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significantly between the North Aegean Islands and the mainland (with higher values in
the North Aegean).

Table 6. Mean values of macro- and micro-nutrients’ concentrations in above-ground biomass of the
studied tulip species or fungi morphotypes in terms of their specific phytogeografical unit (Location)
namely North Aegean Islands, Crete Island, and mainland Greece. SE: standard error; NS: non-
significant. Within each element or arbuscular mycorrhizal fungi (AMF) spores morphotype, different
letters indicate significant differences among means, employing the protected LSD test, at p ≤ 0.05.

Location Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

N P K Ca Mg Na

(g kg−1)

North Aegean
Islands 18.3 a (1.8) 1.49 a (0.12) 15.4 a (1.8) 3.94 b (0.91) 1.47 a (0.17) 0.93 b (0.22)

Crete Island 12.0 b (1.6) 0.68 b (0.09) 10.0 b (1.0) 6.27 a (0.65) 1.65 a (0.13) 1.63 a (0.23)
Mainland

Greece 10.3 b (1.5) 1.24 a (0.20) 9.4 b (1.1) 3.27 b (0.56) 1.52 a (0.13) 0.43 b (0.09)

p F-test 0.021 <0.001 0.011 0.007 NS <0.001

Cu Zn Fe Mn B AMF spore
morphotypes

(mg kg−1)

North Aegean
Islands 7.74 a (0.91) 27.9 a (0.8) 154 b (44) 16.6 b (2.0) 19.5 ab (1. 8) 4.50 a (0.62)

Crete Island 4.24 b (0.35) 26.5 a (2.8) 414 a (62) 27.1 a (3.1) 23.1 a (1.1) 2.75 b (0.49)
Mainland

Greece 5.23 b (0.31) 33.0 a (7.1) 316 ab (28) 19.6 ab (2.2) 17.3 b (1.9) 2.18 b (0.46)

p F-test <0.001 NS 0.023 0.048 0.022 0.044

Table 7. Mean values of macro- and micro-nutrients’ soil available concentrations and respective soil
properties of the sampled soil sites in terms of the specific phytogeographical unit (location) namely
North Aegean Islands, Crete Island, and mainland Greece. SE: standard error; NS: non-significant.
Within each soil available element, or soil property, different letters indicate significant differences
among means, employing the protected LSD test, at p ≤ 0.05.

Location Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Clay
(%)

pH
CaCO3

(%)
OC
(%)

N-Total
(%)

CEC
(cmolc kg−1)

ECse

(ds m−1)

North Aegean
Islands 31.9 a (4.5) 7.51 a (0.22) 21.6 a (7.1) 1.86 a (0.62) 0.18 a (0.04) 35.2 a (1.6) 0.61 a (0.11)

Crete Island 17.1 b (2.6) 7.29 a (0.17) 8.78 ab (4.03) 2.81 a (0.73) 0.25 a (0.05) 21.6 b (3.6) 0.71 a (0.15)
Mainland

Greece 25.9 ab (3.9) 6.90 a (0.31) 1.40 b (0.64) 2.10 a (0.48) 0.21 a (0.04) 21.1 b (3.0) 0.33 a (0.06)

p F-test 0.020 NS 0.020 NS NS 0.029 NS

Location Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

NO3-N NH4-N P-Olsen K-ex Ca-ex Mg-ex

(mg kg−1)

North Aegean
Islands 13.6 a (4.3) 7.81 b (1.14) 6.10 a (2.55) 473 a (114) 5103 a (222) 627 a (104)

Crete Island 15.4 a (5.9) 10.9 ab (1.5) 6.81 a (2.71) 227 b (42) 3665 ab (563) 215 c (25)
Mainland

Greece 9.23 a (2.62) 14.5 a (1.3) 5.25 a (0.58) 218 b (43) 2744 b (501) 392 b (81)

p F-test NS 0.020 NS 0.043 <0.001 0.012

Na-ex Cu-DTPA Zn-DTPA Fe-DTPA Mn-DTPA B-HW

(mg kg−1)

North Aegean
Islands 54.0 a (5.1) 1.87 a (0.24) 1.15 a (0.30) 17.2 a (5.3) 14.1 b (2.9) 0.74 a (0.18)

Crete Island 52.9 a (4.62) 1.26 b (0.09) 1.46 a (0.38) 27.2 a (5.6) 27.8 ab (3.4) 0.69 a (0.08)
Mainland

Greece 31.9 b (5.9) 1.39 ab (0.20) 1.26 a (0.59) 35.0 a (8.7) 35.5 a (9.7) 0.60 a (0.11)

p F-test <0.001 0.049 NS NS NS (0.123) NS
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4. Discussion

Our study aimed to provide for the first time a comprehensive overview of the wild-
growing Greek tulip species focusing on their nutritional profiles and their interrelation-
ships with the specific soil conditions that prevail in the small environmental scale of their
original habitats.

As seen from the respective results concerning the soil properties of the studied
samples, large variance patterns were observed among several soil parameters such as
CaCO3, OC%, ECse, and total N, or clay content and CEC. The latter indicates that the Greek
tulip species are wild-growing plants in habitats characterized by diverse soil conditions,
while this natural spatial variability of soil properties might adversely affect the soil
availability of nutrients required for plant growth. For instance, it is well established that
the use of CEC parameter as a covariate significantly improves prediction models of K
availability in soils [33,34], whereas ECSe has also been suggested that can reduce the
experimental error variance and thus to increase the precision of estimates of available soil
P [35,36].

Similar impacts on the availability of soil nutrients derived by respective soil parame-
ters could also be reflected in the tulips’ nutrients content profile (Figure 3) to the extent that
their variability is explained by such impacts. Previous studies investigating leaf ionomic
responses of different plant species grown to diverse edaphic sites [9] have found that the
influence of soil parameters to the respective element variations in plants were strong but
limited within the phylogenetic preset; however, for some cases such as leaf P concentration,
for example, soil condition played a more important role compared to phylogenetic factors.
Similar conclusions have also been reached by other researchers suggesting that ionomic
variations are mainly driven by environmental conditions [37,38]. Based on our results,
we consider that the above assumptions are more evident herein, given that we studied
different members (species) of the same genus in which phylogenetic variance is strongly
reduced. More specifically, our study showed that significant relationships occurred (from
21.6% up to 67.1%) between the above-ground concentrations of all investigated macro-
and micro-nutrients and the respective soil parameters. In addition, corroborating with
previous findings [9], tulips P concentration did appear to be strongly and significantly
affected by soil parameters, with the ECse playing key role in this effect.

Some of the specific correlation patterns among nutrients content of above-ground
biomass (Table 4) have also been reported by other researchers, although such trends
could be attributed to several factors. For instance, previous studies have reported that the
common source for the element pairs could explain positive correlations among elements
in the plants’ biomass [39]. The above assumption could stand in the case of the observed
Fe–Mn positive correlations detected herein given the fact that these elements were also
significantly influenced by specific soil properties such as pH and OC (Table 5).

Hence, similar solubility rates driven from respective soil pH variations, as well as
similar decomposition rates of soil organic matter releasing proportionally equal amounts
of the respective micro-nutrients probably bound in soils’ organic matter could provide
a possible explanation mechanism for their positive correlations in tulips’ plant tissue
content. In addition, the tendency of elements with similar physicochemical properties to
share or compete for pathways or transport systems accumulating them in leaves [9,40]
might partially explain the observed negative B-P correlations in this study, or the positive
Ca–Mg interactions. In this line, the positive correlations between B and Ca could be also
attributed to the fact that B tends to keep Ca in a soluble form within the plant [41].

The correlation results regarding the AMF spore morphotypes and their relationships
with soil or plant nutrients parameters are also of interest. It is well known that the
AMF symbiosis is important for plant P nutrition, and that higher P levels suppress the
symbiosis [42]. It is also known that AMF may also contribute to plant N nutrition [43,44],
and the positive correlation between AMF spore morphotypes with tulip tissue N points
to that direction. On the other hand, previous studies have shown that elevated soil N
may reduce AMF spore richness and abundance [45], which is in line with the negative
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correlation detected in this study between AMF spore morphotypes and the soil available
NH4-N. However, N effects may also be related to N form and plant species [46]. Based
on the tissue and soil N correlation, we would expect N fertilization to reduce AMF spore
morphotypes and the importance of AMF in tissue N.

The micro-nutrients Fe and Mn are important in many physiological roles in plants,
and previous studies have found that N addition may increase foliar Mn suppressing
photosynthetic rates [47]. On the other hand, Fe and Mn may function as soil redox
indicators, being more mobile at reduced soil conditions, which could also be detrimental
for AMF and may offer explanation for the negative correlation of AMF spore morphotypes
with these two micro-nutrients in this study. Soil texture is another important soil parameter
for AMF spores, with clay rather than sand favoring their presence [48]. Other factors such
as climate or elevation that were found to be important for AMF spores [49] exceeded the
purposes of the present study and thus they were not examined.

The PCA results in conjunction with the respective ANOVA findings indicated that
the distinction observed among sampled tulip species between the three spatial (phyto-
geographical) units examined (North Aegean Islands, Crete Island, and mainland Greece)
might be ascribed to a large extent to differences found in specific soil properties. However,
our results indicate that the detected variance in all variables studied regarding mainland
Greece was expectedly high due to the comparatively large geographic scale and con-
comitant spatial heterogeneity of the latter spatial unit including seven phytogeographical
regions. Thus, to avoid scale-dependent biases, the discussion made hereafter has been
limited to comparisons between Crete and the North Aegean Islands since both spatial
units are insular and of comparable size and are referred to as specific phytogeographi-
cal regions in the context of the Greek flora (see https://portal.cybertaxonomy.org/flora-
greece/annotations, accessed 25 March 2023). In this way, the samples of tulip species from
the North Aegean Islands clustered in the upper left side of the PCA plot were related
to high levels of nutrients such as N, K, or Cu, a fact which was also documented by the
ANOVA results that showed statistically significant higher values of these nutrients in tulip
species of this phytogeographical unit. In the same line, the above was also the case for
some elements such as Ca, Mg, Na, Fe, and Mn originated from tulips sampled from Crete
Island (Table 6).

Considering that specific soil properties significantly influenced the variability of
tulips nutrient content (Table 7), the respective ANOVA results concerning differences in
soil properties among the studied spatial (phytogeographical) units may provide some
interpretation of the above variance. For example, the soil samples of the phytogeographical
unit of the North Aegean Islands are characterized by high values in CEC and clay content,
respectively, a fact also reflected in the corresponding amounts of exchangeable soil K
which were found to be correspondingly high as well.

We consider that the above trend is reflected in the significantly higher amounts of
leaf K found in the North Aegean tulip samples whereas the same could also be the case
with the correspondence that appeared between the significantly higher levels of foliar Cu
and soil available Cu, respectively. The above remarks could fall into a category of cases in
which a direct relation between soil available nutrients and their respective concentration
in plant tissues occurs, as this has also been reported by several correlation studies and
agricultural field experiments [50].

Nevertheless, the above rationale cannot explain the case of the significantly higher
concentrations in N or P found in tulips sampled in the North Aegean Islands as compared
with Crete, for example, since the physicochemical soil properties did not seem to have any
effect in these variations. This leaves open the possibility that tulip species of the North
Aegean Islands may be more efficient in P or N uptake, and/or they develop more efficient
symbiosis with AMF. The higher number of the AMF spore morphotypes found in the
samples of the North Aegean Islands indicated that the latter may be the case [51].

In the same line, the contradictory results that were recorded between the higher tulips’
plant Ca content in samples of the North Aegean Islands compared with those from Crete
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for example (although with non-recorded significant differences in soil available Ca) could
not be explained based on the direct soil-plant connection concept, as previously offered for
leaf K. Instead, species factors and respective adaptation mechanisms developed to respond
to soil environmental specificities might provide some explanation. For instance, it is well
established in the literature that when the presence of K is dominant in soil and in plants,
antagonistic relationships may occur between other basic cations like Mg or Ca [52,53], a
fact which might be true in our case, considering the significantly higher amounts of soil
and plant K detected in the North Aegean samples.

Concerning the role that the functional groups of tulips outlined herein might play
into potential differences detected on their nutrients content profile, the results presented
in Figure 6 did not provide as clear information as the grouping between spatial (phyto-
geographical) units did. Nevertheless, the combined reading of the overall results of the
present work can significantly contribute to a more comprehensive insight into the mecha-
nisms of adaptation of the specific tulip species to their local environments. For example,
PCA findings referring to the samples of the North Aegean may be interpreted as follows.
These particularly lowland, non-petrophilous (rock-dwelling) and early flowering species
(Figure 6), which naturally thrive in clayey soils with high levels of CEC showed higher
number of the AMF spore morphotypes, while they were also associated with high levels
of nutrients such as N, K, and Cu (Figure 4a). Thus, we consider that the above-mentioned
combined information is crucial not only for providing conservation management insights
of wild-growing tulips, but also for contributing on future domestication efforts as well.

Overall, the functioning of ecosystems is critical for the maintenance of biodiversity,
the provision of ecosystem services, and the sustainability of human societies [19]. The
current study has shed light on the nutrient acquisition patterns of 13 wild-growing Greek
tulips originating from different phytogeographical units of this small but extremely diverse
country in relation to soil properties and AMF morphotypes. Given that natural ecosystems
are multifaceted and dynamic [54], these results are important for future conservation
efforts and possible sustainable utilization plans concerning the wild-growing Greek tulip
species and their original habitats. All the data furnished herein can be further exploited in
attempts to cultivate ex situ in a sustainable way the diversity of the wild-growing Greek
tulip species (n = 15) and finally domesticate them in artificial settings. Facilitating the latter
is a complex and multi-dimensional process given that each of these wild-growing tulips
originates from different environmental conditions, has different ecological preferences
and has developed different natural adaptations [1,55]. To this end, the data generated
herein can be used in the future to formulate species-specific fertilization guidelines to be
followed in artificial settings which may benefit to a large extent from the insight into the
species-specific nutritional needs, elemental uptake potential, and transport as detected in
the original wild habitats of the wild-growing Greek tulips studied herein.

5. Conclusions

Despite the economic interest in tulip hybrids and botanical tulips worldwide [1], no
insight is practically available to date into the protected wild-growing tulips of Greece,
especially in terms of their growth and adaptation to their natural environment or artificial
settings. Based on the latter research gap, our study showed that soil variables played a
significant role in shaping wild-growing Greek tulips’ nutrient content, explaining up to
67% of the detected variability as in the case of the above-ground plant tissue P. In addition,
respective correlation patterns were found between tulips’ essential nutrients. Among
them, the observed Fe–Mn positive correlations could be attributed to similar solubility
rates from respective soil pH variations, while the observed negative B–P correlations or the
positive Ca–Mg interactions could be attributed to the tendency of elements with similar
physicochemical properties to share or compete for common pathways or transport systems
within the plants. The PCA revealed that between the three spatial (phytogeographical)
units examined (North Aegean Islands, Crete Island, and mainland Greece), the total
variability of tulips’ nutrient content produced a clear distinction among sampled species.
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In addition, the samples of the North Aegean Island were associated with nutrients such
as N, K, and Cu, and with high numbers of AMF morphotypes, whereas the samples of
the Crete Island were associated with nutrients such as B, Ca, Na, Mg, Fe, and Mn. This
was further confirmed by the ANOVA results which showed corresponding statistically
significant differences in both the tulips’ nutrient content and the studied soil properties as
well. Among them, the significantly higher amounts of leaf K found in the North Aegean
tulip samples could be attributed to the high values in CEC and clay content, respectively,
a fact also reflected in the corresponding high amounts of exchangeable soil K. In addition,
the significantly higher concentrations in N or P found in tulips sampled in the North
Aegean Islands might be ascribed to a more efficient AMF symbiosis of the corresponding
species, as has been indicated by the higher number of the AMF spore morphotypes found
in the North Aegean samples. Therefore, our study sheds light on Greek tulips’ adaptability
and resilience in their original habitats, facilitating at the same time the undertaken efforts
regarding their potential domestication in artificial settings.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/biology12040605/s1: Supplementary Material Figure S1: boxplots
showing log10 concentrations of (a) macro-nutrients (N, P, K, Ca, and Mg) and beneficial element
Na, and (b) micro-nutrients (Cu, Zn, Fe, Mn, and B) in subterranean bulb biomass of the studied
wild-growing Greek tulip species.
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Simple Summary: To generate knowledge on how human activities influence plant evolution in
agroecosystems, we analyzed allelic introgression from japonica rice varieties into the indica type of
weedy rice, and the impact of crop-to-weed introgression on the genetic differentiation and diversity
of the weedy populations in Jiangsu Province of China, based on InDel (insertion/deletion) and SSR
(simple sequence repeat) molecular fingerprints. Results from these analyses indicated a positive
correlation between increased introgression from japonica rice varieties and genetic differentiation in
weedy rice. In addition, increased crop-to-weed introgression formed a parabola pattern of dynamic
genetic diversity in weedy rice. Our case study indicated that human activities such as the frequent
change in crop varieties can influence the evolution of their conspecific weeds through crop-to-
weed introgression, which promotes their genetic differentiation and dynamics of genetic diversity
in agroecosystems.

Abstract: As an important driving force, introgression plays an essential role in shaping the evolu-
tion of plant species. However, knowledge concerning how introgression affects plant evolution in
agroecosystems with strong human influences is still limited. To generate such knowledge, we used
InDel (insertion/deletion) molecular fingerprints to determine the level of introgression from japonica
rice cultivars into the indica type of weedy rice. We also analyzed the impact of crop-to-weed intro-
gression on the genetic differentiation and diversity of weedy rice, using InDel (insertion/deletion)
and SSR (simple sequence repeat) molecular fingerprints. Results based on the STRUCTURE analysis
indicated an evident admixture of some weedy rice samples with indica and japonica components,
suggesting different levels of introgression from japonica rice cultivars to the indica type of weedy
rice. The principal coordinate analyses indicated indica–japonica genetic differentiation among weedy
rice samples, which was positively correlated with the introgression of japonica-specific alleles from
the rice cultivars. In addition, increased crop-to-weed introgression formed a parabola pattern of
dynamic genetic diversity in weedy rice. Our findings based on this case study provide evidence
that human activities, such as the frequent change in crop varieties, can strongly influence weed
evolution by altering genetic differentiation and genetic diversity through crop–weed introgression
in agroecosystems.

Keywords: agroecosystem; genetic diversification; indica–japonica rice; molecular fingerprint; natural
hybridization; Oryza sativa

1. Introduction

Evolution is one of the most important concepts in biology, in which four essential
forces, including mutation or genetic variation, selection, gene flow or introgression, and
genetic drift, drive the evolutionary process [1–10]. As an important driving force, introgres-
sion plays an essential role in shaping the evolution of plant species [5–13]. Novel alleles
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can be transferred from one plant species/population into another genetically diverged or
distinct species/population through introgression [5–8,10]. This process can cause consider-
able changes in allele frequencies and consequently influence the evolution of the recipient
species/populations [5,6,8,13]. When the cross-compatible plant species/populations come
into contact, bidirectional or unidirectional introgression is likely to occur naturally through
pollen-mediated gene flow [5,8]. It is estimated that at least 25% of plant species are in-
volved in introgression from the same or different species [9]. Studies have also indicated
that introgression is more effective in bringing genetic variation into a recipient plant
population than mutations [5,6,10]. In addition, introgression can alter the genetic diversity
of a recipient population in two ways: increases in genetic diversity by the transfer of novel
alleles from other species/populations [5–7,10,12], or in contrast, losses of genetic diversity
by genetic swamping [6,13].

Domesticated plant species, which are commonly referred to as crops, and their
phylogenetically close wild relatives provide excellent cases for studying the influences
of introgression on evolution, because of their intimate relationships, allowing natural
introgression to occur among crops and their wild relatives [7,8,12,14–17]. Hübner et al.
sequenced the total genomes of cultivated and wild sunflowers to determine the origin
of genetic variation in cultivated sunflowers through wild-to-crop introgression, where
~1.5% genetic variation in cultivated sunflowers had its origin from introgression [14].
In addition, the estimate of introgression and its evolutionary impact involving crop
species and their conspecific weed is very practical because of the following advantages:
firstly, as the same biological species, natural introgression between a crop species and its
conspecific weed occurs frequently without reproductive barriers [8,12,14–18]; secondly,
unidirectional introgression from a crop to its conspecific weed occurring in the same
agricultural field can be easily detected through the identification of proper molecular
fingerprints [8,15,19,20]; and thirdly, the cultivation histories and farming styles of a crop
species are readily available [17,18]. Altogether, these advantages provide an ideal system
to trace the evolutionary process of weedy species under the influence of human activities.

In fact, a great number of studies have confirmed frequent and extensive introgres-
sion of crop-specific alleles into weedy populations in agroecosystems, including weedy
sorghum (Sorghum halepense L.), weedy sunflowers (Helianthus annus), and weedy rice
(Oryza sativa f. spontanea) [8,15–17,20]. Such introgression had considerable influences on
genetic diversity and adaptation of the recipient weedy populations, which created more
weed problems, and also on the extinction of small populations of wild relatives [7,13,16,20].
Therefore, it is possible to reveal the consequences and underlying mechanisms of crop-
to-weed introgression and its evolutionary impact by studying a conspecific weed and
its cooccurring crop species. Crop-specific alleles can accumulate in weedy populations
by introgression from different crop varieties through time, which may result in genetic
differentiation and increased adaptability of the weedy populations [18–24]. However,
the knowledge on how crop-to-weed introgression influences genetic differentiation and
diversity of the receipt weedy populations is still limited.

Weedy rice is a typical conspecific weed in the genus Oryza (Poaceae), infesting world-
wide cultivated rice (Oryza sativa L.) fields and causing considerable rice yield losses around
the world [25–27]. Similar to its cultivated counterpart, weedy rice is also differentiated
into indica and japonica types, depending on its cooccurring rice varieties at the large scales
of its geographical distribution [21,23,25,27]. Generally, the indica type of weedy rice infests
the tropical or subtropical rice cultivation regions, such as in southern China, South, and
Southeastern Asian countries [27–30], whereas the japonica type of weedy rice occurs in
the temperate rice cultivation regions, such as in northern and northeastern China, the
United States, and southern Europe [21,27,29–32]. Weedy rice populations with the origin
from de-domestication are genetically similar to their cooccurring cultivated rice varieties,
showing indica–japonica genetic differentiation [22,32]. Usually, long-term cooccurring of
weedy rice populations with rice varieties has resulted in their similar morphological and
physiological characteristics, most likely through natural gene flow or introgression [27,28].

256



Biology 2023, 12, 744

Therefore, weedy rice provides an ideal system for studying the evolutionary impact of
crop-to-weed introgression, because human activities such as the change in rice varieties
and cultivation styles happen rapidly in a particular rice planting region [17–22].

Jiangsu Province (JS) is an important rice planting and production region in China,
where indica rice varieties were prominently cultivated traditionally [33–37]. The gradual
replacement of rice seedling transplanting by direct seeding in JS for the past decades
largely promoted the emergence and infestation of weedy rice in rice fields, even though
farmers have used commercial and certified rice seeds, and applied herbicides to con-
trol weeds [29,33,34]. Historically, no natural distribution of wild Oryza species has
been reported in this province. Studies have indicated that JS weedy rice has its de-
domestication origins, meaning that JS weedy rice has evolved from the domesticated rice
varieties [38–41], such as the origins of weedy rice from other rice planting regions (e.g.,
northeastern China) where no wild Oryza species are distributed either [21,29,31]. Given
that no wild rice species are naturally distributed in these regions, weedy rice there is ge-
netically similar to the cultivated rice, rather than wild Oryza species (e.g., O. rufipogon and
O. nivara) [34,38–42]. Similar to the characteristics of their co-occurring rice varieties, weedy
rice populations found in JS were essentially the indica types [23,34]. Since the end of the
1950s, japonica rice varieties were gradually cultivated in this province due to the favorable
taste and high yielding of japonica rice varieties [35,36]. Now, japonica rice varieties are
prominently cultivated in JS [33,37]. As a consequence, some weedy rice individuals with
japonica characteristics are identified in the rice planting regions of this province [23,34,42].
Obviously, the introgression of japonica-specific alleles from japonica rice varieties into
weedy rice with the indica genetic background has played an important role in changing
indica–japonica characteristics of weedy rice in JS where the rapid change from planting
indica to japonica rice varieties has taken place. Apart from observing the japonica type of
weedy rice in JS, our knowledge concerning japonica-crop-to-indica-weed introgression in
the evolution of weedy rice is still limited. Therefore, investigating the cultivation history of
indica to japonica rice varieties associated with introgression, genetic differentiation, and di-
versity of weedy rice may provide a deep insight into the role of crop-to-weed introgression
in plant evolution.

In this case study, we used the InDel (insertion/deletion) molecular markers [43,44]
to determine the genetic differentiation of weedy rice associated with the extent of crop-
to-weed introgression in JS. We also applied microsatellite (simple sequence repeats, SSR)
molecular markers to examine the genetic diversity pattern of weedy rice associated with
the extent of crop-to-weed introgression. The primary objectives of the study were to
(1) determine the historical changes in rice cultivation associated with indica to japonica
varieties in JS; (2) examine whether introgression of japonica alleles from cultivated rice
affects the genetic structure of weedy rice; (3) and assess the influences of crop-to-weed
introgression on genetic differentiation of weedy rice and on the patterns of genetic diversity
in weedy rice. The generated knowledge will facilitate our understanding of the impact of
human-influenced evolution on weedy species in agroecosystems.

2. Materials and Methods

2.1. Historical Changes in Rice Cultivation from Indica to Japonica Varieties in Jiangsu Province

The change in planting areas from indica to japonica rice varieties in Jiangsu Province
(JS) was estimated mainly based on the published statistical data, including Jiangsu Agri-
cultural Statistics (1949–1987), Economic Data of Rural Jiangsu Province (1988–1998), and
Statistical Yearbook of Rural Jiangsu Province (2000–2017) [45–47]. In addition, the pub-
lished books, including The Science of Rice Cultivation in Jiangsu Province, The History of
Agricultural Development in Jiangsu Province, and The Documents of Jiangsu Provincial
Annals (Agricultural) [48–50], were also used to estimate the historical change in rice vari-
eties cultivated in JS. To demonstrate the pattern of the spatial-temporal changes in japonica
rice cultivation in JS, we calculated the average areas (by 1000 hectares, kha) of japonica
rice cultivation for every 10 years, based on each county as a unit from the 1950s to 2020s.
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The obtained average data of japonica rice cultivation areas were visually presented in GIS
maps with the different units in JS, using the software ArcGIS ver.10.2 [51].

2.2. Collection of Plant Materials

Mature seed samples were collected from a total of 36 natural weedy rice populations
during October 2020~2021 across the rice planting regions in JS (Figure 1 and Table S1).
The density of weedy rice occurring in the JS rice fields was about 0.5–1.0 plant per 100 m2.
For sample collection, we included 30~32 randomly selected individuals (samples) from
each weedy rice population with the spatial distances >10 m in a sampling rice field (about
6000 m2). In comparison, mature seed samples of the accompanying rice varieties in the
same fields were also collected. The spatial distances between the collecting sites (fields)
for each weedy rice population were >10 km. In addition, mature seed samples from three
weedy rice populations each in Guangdong Province (GD) and northeast China (NEC) were
collected to represent the indica and japonica types of weedy rice, respectively (Table S1).
Furthermore, mature seeds of 13 typical indica and 13 typical japonica rice varieties from
various sources identified by “InDel molecular index” [43] were also included as the
references for further analyses (Table S1).

Figure 1. Sampling sites of weedy rice populations (black dots) in Jiangsu Province of China. The
identification of the weedy rice populations is provided in Table S1 (Population ID in the 4th column).

2.3. DNA Extraction, Amplification, and Genotyping

Seeds of weedy rice and cultivated rice were germinated in an illuminated incubator
(Percival Scientific, Perry, IA, USA) (25 ± 3 ◦C) with alternating light/dark (16/8 h). The
total genomic DNA was extracted from the 14-day-old fresh seedlings following a modified
CTAB protocol [52].

Thirty-eight indica–japonica specific InDel primer pairs (Table S2) [43,44], distributed
on both arms of each of the 12 rice chromosomes, were selected to determine indica and
japonica characteristics of all the weedy and cultivated rice samples. In addition, 47 SSR
primer pairs (Table S2) from the rice genome distributed across the 12 chromosomes were
selected from the Gramene Markers Database (https://archive.gramene.org/markers/,
accessed on 20 April 2023) [53] to analyze genetic diversity of weedy rice populations.
All the forward primers of the selected InDel and SSR primer pairs were labeled with
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one of the following fluorescent dyes: FAM (blue), HEX (green), ROX (red), and TAMRA
(black), respectively.

Polymerase chain reactions (PCR) were performed in a total volume of 20 μL contain-
ing 1 × PCR buffer (with Mg2+), 200 μM dNTPs, 4 μM of each primer, 0.5 U Taq polymerase,
40 ng template DNA, and ddH2O to the final volume. Reaction conditions comprised an
initial denaturation step for 4 min at 94 ◦C, followed by 30 cycles of 30 s at 94 ◦C, 30 s at
52~58 ◦C, and 30 s at 72 ◦C, and a final extension step at 72 ◦C for 10 min. According to
the size of the PCR products, labeled PCR products of 3~5 InDel or SSR primer pairs were
mixed together in a ratio of FAM:HEX:ROX:TAMRA = 1:3:1:3, then were electrophoresis
separated on ABI 3730xl Analyzer (Applied Biosystems, Waltham, MA, USA). For genotyp-
ing, the separated InDel or SSR fragments of each sample were scored using the software
GeneMapper version 4.1 (Applied Biosystems, Waltham, MA, USA).

2.4. Data Analysis
2.4.1. Indica–Japonica Characterization of Weedy Rice and Cultivated Rice

The frequency of japonica-specific alleles (Fj) of each weedy and cultivated rice sample
was calculated based on the “InDel molecular index” [43]. For each InDel locus, the
typical indica rice variety (93–11) and the japonica rice variety (Nipponbare) were used as
the reference to determine the homozygote indica (II), japonica (JJ), and heterozygote (IJ)
genotypes, respectively (for details, see Lu et al. [43]). In this study, the indica–japonica
characterization of all weedy and cultivated rice samples was determined as the indica type
(Fj < 0.25), intermediate type (0.25 ≤ Fj < 0.75), and japonica type (Fj ≥ 0.75), respectively,
based on the average values of Fj or “InDel molecular index” of the 38 InDel loci [43,44].

2.4.2. Estimate of Crop-to-Weed Introgression Using the Frequency of Japonica-Specific
Alleles (Fj)

Introgression of the japonica-specific alleles was examined based on the InDel data
matrix, including JS weedy rice that originally had an indica genetic background and
the reference rice samples (26 typical indica and japonica verities), using the software
STRUCTURE v.2.3.4 [54]. The STRUCTURE analysis was conducted with the admixture
model and the correlated allele frequency model among groups, with an initial burn-in
run of 100,000 steps followed by 200,000 MCMC iterations. The group number (K) was set
from 2 to 8 with 10 runs for each K value. The appropriate K value was determined by
calculating the value of ΔK described in Evanno et al. [55] using the Structure Harvester
(https://taylor0.biology.ucla.edu/structureHarvester/ accessed on 20 April 2023).

To estimate the possible application of the frequency of japonica-specific alleles (Fj) for
measuring the levels of crop-to-weed introgression from japonica rice varieties, we analyzed
the correlation between the Fj values [43] and the proportion of introgressed japonica genetic
components (alleles) derived from the “inferred ancestry of individuals” cluster data matrix
generated in the STRUCTURE analysis [54]. Results of the correlation between the Fj values
and the proportion of introgressed japonica genetic components (alleles) were visualized by
a linear model of Pearson’s correlation method using Prism v.8.0.2 [56].

2.4.3. Correlation between Genetic Differentiation and Crop-to-Weed Introgression in JS
Weedy Rice

To determine the indica–japonica genetic differentiation pattern of JS weedy rice, we
performed a principal coordinate analysis (PCoA) of the genotypic data matrix based on
the 38 InDel molecular fingerprints, using the software GenAlEx v.6.5 [57]. The data matrix
included weedy rice samples from JS, GD, and NEC, in addition to the typical indica and
japonica rice varieties as references. Results from the first two principal coordinates of
all studied samples were graphed in a 2-dimensional scatterplot to illustrate the genetic
differentiation of JS weedy rice samples.

To estimate correlations between genetic differentiation and crop-to-weed allelic intro-
gression of weedy rice, we established 30 ideally sampled weedy rice populations (ISWPs),
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each containing 16 samples randomly drawn from the JS weedy rice pool with a total of
1116 samples. These populations represented the low (Fj < 0.25), middle (0.25 ≤ Fj < 0.75),
and high (Fj ≥ 0.75) levels of introgression, respectively. Consequently, there were 10 low-
introgression, 10 middle-introgression, and 10 high-introgression ISWPs established for
further correlation analyses. In addition, we randomly selected eight naturally sampled
weedy rice populations (NSWPs) from the field sampled JS weedy rice populations based
on their Fj values, ranging from 0.05 (lowest) to 0.34 (highest), to analyze the relation-
ships between genetic differentiation of weedy rice and crop-to-weed allelic introgression
revealed by ISWPs.

The pairwise Wright’s Fst values [58] were calculated to represent the genetic differen-
tiation (Fst) between ISWPs based on the genotyping data matrixes of both InDel and SSR
molecular fingerprints, respectively, using the software GenAlEx v.6.5 [57]. Moreover, the
pairwise differences in the Fj values were calculated to represent the differences in intro-
gression (Fj-d) between ISWPs based on the same data matrixes. The correlation between
genetic differentiation and crop-to-weed allelic introgression was calculated based on the
obtained Fst and Fj-d values of the 30 ISWPs and eight NSWPs, respectively. The obtained
correlation was visualized using Pearson’s correlation method (linear model) packaged in
the software Prism v.8.0.2 [56].

2.4.4. Correlation between Genetic Diversity and Crop-to-Weed Introgression in JS
Weedy Rice

To estimate the correlation of genetic diversity (represented by Nei’s expected het-
erozygosity, He and Shannon’s information index, I) [59,60] with the level of crop-to-weed
introgression (Fj), we calculated the two genetic diversity parameters using the same ISWPs
and NSWPs (see the Section 2.4.3), respectively, based on the genotyping data matrices of
both InDel and SSR molecular fingerprints. The association of the genetic diversity parame-
ters (He and I) with Fj values was obtained using the quadratic equation fitting regression
analysis for the ISWPs. The obtained results were visualized using a nonlinear model
packaged in the software Prism v.8.0.2 [56]. In addition, we also analyzed the association of
the genetic diversity parameters (He and I) with the Fj values in the eight NSWPs using
Pearson’s correlation method (linear model) packaged in the software Prism v.8.0.2 [56] to
confirm the correlation pattern obtained based on ISWPs.

3. Results

3.1. Rapid Alteration of Rice Cultivation from Indica to Japonica Varieties in Jiangsu Province

The historical archives indicated that the tradition of rice cultivation in Jiangsu
Province (JS) was essentially indica varieties until the early 1950s, when japonica rice vari-
eties were introduced to this province due to their favorable commercial quality (tastes)
and high yield. Statistical data between the 1950s and 2010s evidently demonstrated
a relatively rapid change in rice cultivation from indica to japonica rice varieties in this
province (Table S3 and Figure 2). Starting from the end of the 1950s, the cultivation areas
for japonica rice varieties gradually expanded into the areas where the indica varieties were
originally cultivated in this province within only a few decades. Consequently, indica rice
varieties were almost completely replaced by japonica rice varieties by the end of the 1990s,
particularly in some rice cultivation areas, such as the northeast, east, and south part of this
province (Figure 2).

The statistical data also indicated that the alteration of cultivation from indica to japonica
rice varieties started in the southern part of JS. Then, the cultivation areas of japonica rice
varieties were gradually extended northward to cover the rice cultivation areas in the
whole province. The cultivation areas for japonica rice varieties increased from only 3.4 kha
(1000 hectares) in the 1950s to 2015.3 kha in the 2010s. In contrast, the cultivation areas for
indica rice varieties dramatically decreased from 1988.5 kha in the 1950s to 290.0 kha in the
2010s (Table S3). Therefore, the different durations of rice cultivation for japonica varieties
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in different areas could cause the different levels of japonica-specific allelic introgression
into the indica type of weedy rice cooccurring with the japonica rice varieties in these areas.

Figure 2. The rapid increases in cultivation areas of japonica rice varieties from indica rice varieties in
Jiangsu Province during the 1950s–2010s. The lines represent the borders of the counties. The color
intensity (4 levels) indicates the 10-year average cultivation areas in 1000 hectares (kha) of japonica
rice varieties in each county: white, 0.00–1.00 kha; light-pink, 1.01–5.00 kha; pink, 5.01–25.00 kha, and
red, 25.01–90.00 kha.

3.2. Patterns of Introgression from Japonica Rice Varieties to Weedy Rice

In general, results based on the calculated “InDel molecular index” clearly indicated
that each of the examined cultivated rice and weedy rice samples from Guangdong Province
(GD), northeast China (NEC), and JS had their distinct indica, japonica, or indica–japonica
(determined as intermediate) characteristics (Table S1). This characterization was based on
the “InDel molecular index” or examined the frequency of japonica-specific alleles (Fj) at the
38 InDel (insertion/deletion) loci across the rice genome. The Fj values of the typical indica
rice varieties and weedy rice samples from GD were equal to 0 or close to zero, whereas the
Fj values of the typical japonica rice varieties and weedy rice samples from NEC were equal
to one or close to one (Table S1). These results suggest that the reference cultivated rice and
weedy rice samples from GD or NEC rice cultivation regions had identical and unique indica
or japonica characteristics, respectively, which set up an ideal standard for a comparison
of the indica–japonica characteristics of JS weedy rice samples. However, the Fj values of
the 1116 weedy rice samples from JS ranged from 0 to 0.97 (Table S1); although, most of
the samples still showed their indica characteristics (Table S1). In the JS weedy rice pool,
~91% were the indica type (Fj < 0.25), ~7% were the intermediate type (0.25 ≤ Fj < 0.75), and
~2% were the japonica type (Fj ≥ 0.75) (Table 1). In addition, most (~81%) cooccurring rice
cultivars from JS belonged to the japonica type (Table S1). These results clearly indicated the
introgression of japonica-specific alleles from japonica rice varieties into the original indica
type of weedy rice populations in the JS rice cultivation region.

To determine the level of introgression of japonica-specific alleles into weedy rice in JS
rice fields, where weedy rice was originally composed of the indica genetic background, we
conducted the STRUCTURE analysis using the admixture model based on the data matrices
of the InDel molecular fingerprints. Results from the STRUCTURE analysis demonstrated
the distinct genetic components of the typical indica (red and blue) and japonica (green) rice
varieties (references) at the most optimal K value (K = 3) and their neighboring K values
(K = 2, K = 4). The findings suggested the distinct genetic components and substantially

261



Biology 2023, 12, 744

diverged genetic relationships of the indica and japonica cultivated rice samples used as
references (Figure 3). The distinguishable indica and japonica genetic components set up an
excellent standard for studying the introgression of japonica-specific alleles (green) into the
indica genetic background (red and blue) of weedy rice samples/populations.

Table 1. Identification of the indica–japonica characteristics of weedy rice samples from Guangdong
and Jiangsu Provinces, and northeast China, based on the InDel molecular index. Fj indicates the
average values and standard deviation (in parenthesis).

Origin Fj Type 1 Percent 2 Introgression 3

Guangdong 0.07 (0.021) Indica - Low
Jiangsu 0.07 (0.001) Indica 91.85% Low
Jiangsu 0.38 (0.012) Intermediate 6.72% Middle
Jiangsu 0.86 (0.015) Japonica 1.43% High

Northeast 0.94 (0.058) Japonica - Low
1 Classified based on the InDel index (Fj) following the method of Lu et al. [43]; Fj <0.25, indica; 0.25 ≤ Fj < 0.75,
intermediate; japonica, Fj ≥ 0.75. 2 Only weedy rice samples from Jiangsu Province were counted. 3 Expected
levels of japonica allelic introgression.

Figure 3. Bar plots indicating genetic components of typical indica and japonica rice varieties (ref-
erences) and weedy rice samples from Jiangsu Province based on the STRUCTURE analysis of the
InDel molecular fingerprints [43,54] at the most optimal K value (K = 3) and their neighboring K
values. Each sample is represented by a single vertical line, proportional to the sample’s estimated
ancestry of genetic components from indica or/and japonica. Many weedy rice samples showed the
admixture of indica and japonica genetic components, particularly at K = 3 and K = 4.

As expected, weedy rice samples collected from different locations in JS showed their
distinct genetic components (Figure 3). Compared with the genetic components of the
references (indica: red and blue, japonica: green), the weedy rice samples from JS showed
both indica and japonica genetic components (Figure 3). Apparently, most JS weedy rice
samples had indica genetic components, suggesting their close genetic affinity with their
originally cultivated indica rice varieties (Figure 3). However, some JS weedy rice samples
exhibited an admixture of indica–japonica genetic components, indicating the different
degree of introgression from japonica rice varieties to the indica type of weedy rice. In
addition, the admixture genetic components of the japonica weedy rice also ruled out
the possible contamination of japonica weedy rice seeds that should not have admixture
components. Noticeably, the typical japonica rice reference varieties showed a distinctly
unique genetic component (green) with nearly no admixture; although, the typical indica
rice reference varieties showed somehow other genetic components with an extremely low
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level of admixture at the K = 3 and K = 4 (Figure 3). These results provide opportunities to
analyze the level of introgression of the japonica-specific alleles in the JS weedy rice samples,
most of which had indica genetic components.

To determine whether the frequency of the japonica-specific alleles (Fj) obtained based
on the “InDel molecular index” could be directly used for estimating the level of allelic
introgression from japonica varieties into the indica type of weedy rice, we analyzed the
correlation between the obtained Fj values and the ratios of the introgressed japonica-
component of weedy rice samples extracted from the “ancestry of individuals” cluster
data matrix in the STRUCTURE analysis. Results from the correlation analysis indicated a
significant positive correlation (R2 = 0.94, p < 0.001) between the Fj values and the ratios of
introgressed japonica components (Figure 4). This finding suggests that the Fj values calcu-
lated based on the “InDel molecular index” (Table S1) could be used to estimate the level of
japonica-specific allelic introgression for further analyses, particularly the relationships of
crop-to-weed introgression with genetic differentiation and genetic diversity in JS weedy
rice based on the Fj values.

Figure 4. Correlation between the frequency of japonica-specific alleles (Fj) based on the InDel
molecular index [43] and the ratios of introgressed japonica-alleles (components) obtained from the
STRUCTURE analysis in weedy rice populations from Jiangsu Province in China, when K = 2 (a) and
K = 3 (b). Black dots represent weedy rice samples, black lines are regression lines.

3.3. Genetic Differentiation in Weedy Rice Associated with Crop-to-Weed Introgression

To investigate the patterns of genetic differentiation in JS weedy rice samples, we con-
ducted the principal coordinate analysis (PCoA) based on the InDel molecular fingerprints,
using typical indica and japonica rice varieties and weedy rice samples from GD and NEC
as references. The PCoA results demonstrated evident genetic differentiation of JS weedy
rice samples into indica and japonica types (Figure 5). Obviously, most weedy rice samples
from JS were scattered and were closely associated with the typical indica rice varieties and
the weedy rice samples from GD, at the negative loads of the first principal coordinate
(left in Figure 5). Therefore, these weedy rice samples were likely the indica type, which
was supported by their low Fj values (<0.25, Table 1). A small proportion of weedy rice
samples from JS was scattered among the typical japonica rice varieties and the weedy rice
samples from NEC (references), at the positive loads of the first principal coordinate (right
in Figure 5). Therefore, these weedy rice samples were most likely the japonica type, which
was also supported by their high Fj values (>0.75, Table 1). Noticeably, some of the JS
weedy rice samples were scattered between the typical indica and japonica types along the
first principal coordinate (middle in Figure 5), which were determined as the indica–japonica
intermediate types with the Fj value between 0.25 and 0.75 (Table 1).
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Figure 5. The scatterplot showing genetic relationships of the 1116 weedy rice samples from Jiangsu
Province (JS), in addition to the reference samples including typical indica and japonica rice varieties,
and weedy rice from Guangdong Province (GD) and northeast China (NEC) based on the principal
coordinate analysis of the InDel dataset. Grey empty dots, JS weedy rice; +, typical indica rice varieties;
×, typical japonica rice varieties; orange dots, weedy rice from GD; blue dots, weedy rice from NEC.

In general, the PCoA results clearly indicate the genetic differentiation of JS weedy rice
samples that are scattered between the typical reference indica and japonica rice varieties.
This finding was supported by the gradually increased japonica-specific allelic frequency
(Fj) in the JS weedy rice samples that should originally be the indica type.

To estimate the correlation between the extent/level of genetic differentiation and
crop-to-weed introgression, we calculated the pairwise genetic differentiation (Fst) and
differences in allelic frequency (Fj-d), based on the data matrices of InDel (Figures 6a and 7a)
and SSR (Figures 6b and 7b) molecular fingerprints. The correlation analysis was conducted
based on the 30 ideally sampled weedy rice populations (ISWPs) with their respective
low, middle, and high levels of introgression (Figure 6), and eight natural weedy rice
populations (NSWPs) (Figure 7) for both InDel and SSR molecular fingerprints. Results
based on the Pearson’s correlation analysis showed a significantly positive correlation
between genetic differentiation as measured by the pairwise Fst values and crop-to-weed
introgression as estimated by the pairwise Fj-d values of ISWPs (R2 = 0.94–0.96, p < 0.001)
and NSWPs (R2 = 0.35–0.73, p < 0.01). These results generated from the ISWPs and NSWPs
of JS weedy rice suggest that crop allelic introgression would cause considerable genetic
differentiation of its conspecific weed.

Figure 6. Correlation between the level of pairwise genetic differentiation (Fst) and differences in
crop-to-weed introgression (Fj-d) of the ideally sampled weedy rice populations (empty dots) based
on insertion/deletion (InDel, (a)) and simple sequence repeat (SSR, (b)) molecular fingerprints. Black
lines are regression lines.
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Figure 7. Correlation between the level of pairwise genetic differentiation (Fst) and differences in
crop-to-weed introgression (Fj-d) of the naturally sampled weedy rice populations (empty dots),
based on insertion/deletion (InDel, (a)) and simple sequence repeat (SSR, (b)) molecular fingerprints.
Black lines are regression lines.

3.4. Genetic Diversity of Weedy Rice Associated with Crop-to-Weed Introgression

To estimate the correlation/relationship between the level of genetic diversity and crop-
to-weed introgression, we calculated Nei’s expected heterozygosity (He) and Shannon’s
information index (I) to represent genetic diversity, based on the data matrices of InDel
and SSR molecular fingerprints. In addition, we used the frequency of japonica-specific
alleles (Fj) to represent the level of crop-to-weed introgression. The correlation analysis
was conducted based on the 30 ISWPs with their respective low, middle, and high levels of
introgression (Figure 8) for both InDel and SSR molecular fingerprints. Results based on the
quadratic equation fitting regression analysis indicated a high degree of fitting (R2 = 0.98
for He and 0.99 for I) for the InDel molecular fingerprints (Figure 8a,c). Similarly, the
quadratic equation fitting regression analysis indicated a relatively high degree of fitting
(R2 = 0.81 for He and 0.78 for I) for the SSR molecular fingerprints (Figure 8b,d).

Figure 8. Results of regression between genetic diversity represented by Nei’s expected heterozy-
gosity (He) and Shannon’s information index (I) [59,60] and the frequency of japonica-specific alleles
(Fj) [43], based on the insertion/deletion (InDel, (a,c)) and simple sequence repeat (SSR, (b,d)) data ma-
trices of the ideally sampled weedy rice populations (empty dots). Black curves are regression lines.
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In addition, the correlation between the level of genetic diversity (He and I) and
crop-to-weed introgression (Fj) was also analyzed based on the eight NSWPs (Figure 9).
Results showed that the level of genetic diversity (He and I) significantly increased with
the increases in the Fj values for the InDel molecular fingerprints (Figure 9a,c), when
Fj varied between 0.05 and 0.34. However, no significant correlations were observed
between the level of genetic diversity (He and I) and the Fj values for the SSR molecular
fingerprints (Figure 9b,d). The relationship between the level of genetic diversity and
crop-to-weed introgression (represented by the Fj values) generated based on these results
from NSWPs generally agreed with those revealed from ISWPs, particularly for InDel
molecular fingerprints.

Figure 9. Correlations as represented by dashed lines (regression) between the genetic diversity
parameters (He, I) [59,60] and the Fj values [43] of the eight naturally sampled weedy rice populations
(NSWPs) from Jiangsu Province. The Fj values and the genetic diversity parameters were calculated
based on the data matrixes from the InDel (a,c) and SSR (b,d) molecular fingerprints, respectively.
Each column represents an NSWP (n = 31), and the error bars indicate standard errors.

4. Discussion

4.1. The Change in Rice Varieties Greatly Influences Indica–Japonica Characteristics of Weedy Rice
through Crop-to-Weedy Introgression

Our results in this study based on the historical archives clearly demonstrated the
pattern of traditional rice cultivation in Jiangsu Province (JS), where indica varieties were
grown essentially until the early 1950s. Different japonica rice varieties were gradually
introduced into this province at the beginning of the 1960s because of their favorable com-
mercial quality (taste) and high yield [35–37]. After three decades by the 1990s, the indica
rice varieties were almost completely replaced by japonica rice varieties in different rice
cultivation areas in this province. As a consequence, weedy rice with japonica characteristics
was reported to appear frequently in the rice fields of this province [23,33,42]. Apparently,
the changing pattern of rice cultivation from indica to japonica varieties has considerable
influences on the genetic compositions of weedy rice as indicated by its indica and japonica
characteristics. Such influences are hypothetically through gene flow or allelic introgression
from japonica rice varieties to weedy rice individuals.

In fact, our results showed that most examined JS weedy rice samples (individuals)
were the indica type (~91%) and the rest of the weedy rice samples were the intermediate
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and japonica types, based on the InDel molecular index [43] or the average frequency of
the japonica-specific alleles (Fj). These results were obtained based on a relatively large
number of weedy rice samples (1116 individuals) collected from 36 populations across the
JS rice cultivation areas. This finding indicates the change in characteristics of JS weedy
rice gradually from the original indica type to the japonica and indica–japonica intermediate
types, associated with the rapid changes in rice cultivation patterns from indica to japonica
varieties in this province. In other words, the rapid alteration of rice cultivation from indica
to japonica varieties promoted the divergence of JS weedy rice characteristics, essentially
through crop-to-weed introgression: although, other factors, such as direct-seeding and
mechanic harvesting, cannot be completely excluded. The changes in the indica–japonica
characteristics of JS weedy rice found in this study are similar to those revealed either by
phenotypical characterization [42,61] or molecular fingerprinting [23,34], in which weedy
rice was composed of the indica, japonica, and intermediate types, although predominated
by the indica type. All results clearly indicate a wide range of variation regarding the
indica–japonica characteristics of JS weedy rice, owing to the rice cultivation change from
indica to japonica varieties.

In this study, we also found that the reference weedy rice populations from NEC
were essentially the japonica type that was associated strongly with the typical japonica
rice varieties, whereas those from GD were essentially the indica type that was associated
intimately with the typical indica rice varieties. Our finding is consistent with the previous
reports in which weedy rice is genetically closely associated with its cultivated counterparts
co-occurring in the same regions [21,23,27,31]. Obviously, the JS weedy rice samples with
different genetic backgrounds identified in this study should be the result of successive
gene flow or introgression with different types of indica and japonica rice varieties cultivated
during a historical period of time in this province. Successive crop-to-weed gene flow or
introgression, coupled with the independent assortment and genetic recombination in the
self-pollination process, promoted the admixture of indica and japonica genotypes in JS
weedy rice.

Results from the STRUCTURE analysis based on the InDel molecular fingerprints
in this study clearly demonstrated the change in genetic compositions in JS weedy rice
from the original indica type to the current japonica types with evident admixture genetic
components, as indicated by the different bar-plots with three K values (Figure 3). The
presence of the indica–japonica admixture types of weedy rice in the JS rice cultivation
areas confirmed crop-to-weed allelic introgression, because of the accumulation of japonica
alleles in the admixture types of JS weedy rice samples. The presence of indica–japonica
admixture types in the JS weedy rice samples can also exclude the possible contamination
of these samples as japonica weedy rice seeds. This is because the mixed japonica weedy rice
samples, if any, in the certified commercial japonica cultivar seeds, should be present as the
pure japonica genotype in the STRUCTURE analysis. Somehow, there is a possibility of the
contamination of a few weedy rice seeds with the newly introduced japonica rice varieties
in the actual rice production. Given that the opportunities for inter-crosses between the
distantly scattered weedy rice plants are very low, the gradual accumulation of japonica
alleles in weedy rice is more likely through crop-to-weed introgression [62–68] from japonica
rice varieties, rather than by spontaneous mutations or through seed contamination. In
addition, the gradual change in JS weedy rice genetic components from the original indica
type to the admixture and japonica types matches the pattern of JS rice variety change in
cultivation for the past seven decades (Figure 2). The relatively low proportion of JS weedy
rice samples with japonica-specific alleles from their cooccurring cultivars can be explained
by the inbreeding feature of weedy rice with a relatively low outcrossing rate (~1%) [62–68].
Thus, we propose that crop-to-weed introgression has played an important role not only
in changing the indica–japonica characteristics and genetic components of JS weedy rice,
but also in shaping the evolution of JS weedy rice as an important driving force. These
observations agree with the previous reports concerning weedy rice genetic diversity and
evolution [17–22].
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4.2. Crop-to-Weed Introgression Impacts Genetic Differentiation and Genetic Diversity in Weedy
Rice through Accumilated Crop-Specific Alleles

Our results clearly indicate that the level of gene flow or crop-to-weed introgression
can be measured by the frequency of the japonica-specific alleles (Fj) of the weedy rice
samples with considerably high confidence (Figure 4). Results based on the PCoA analysis
of the InDel molecular fingerprints also demonstrated substantial genetic differentiation of
JS weedy rice, which was somehow associated with crop-to-weed introgression caused by
the change in rice cultivation for japonica varieties. Given that the Fj value of each weedy
rice sample can be accurately calculated based on the InDel molecular fingerprinting [43],
we analyzed the impact of crop-to-weed introgression on genetic differentiation and genetic
diversity of weedy rice. The analysis of such impact can be realized through calculating
the correlation between the Fj values and the level of genetic differentiation (Fst), as well
as genetic diversity (He and I), using the ideally sampled weedy rice populations (ISWPs)
established according to their levels (low, middle, and high) of introgression determined by
the Fj values.

Further analyses in this study indicated that the level of japonica-specific allelic (crop-
to-weed) introgression was highly significantly correlated (R2 = 0.94, p < 0.001) with the
level of Fj values of the examined weedy rice samples. Therefore, the Fj values can represent
japonica-specific allelic introgression and be directly utilized to determine the relationships
between the level of crop-to-weed introgression and the genetic differentiation of weedy
rice. Results obtained based on ISWPs with low, middle, and high levels of introgression,
using both the InDel and SSR molecular fingerprints, clearly demonstrated the correlation
patterns, in which crop-to-weed introgression substantially prompted the genetic differenti-
ation of JS weedy rice. Interestingly, similar correlation patterns were obtained based on the
randomly selected naturally sampled weedy rice populations (NSWPs) with low to middle
levels of introgression in JS, although with a much lower level of correlation for the results
obtained using the SSR molecular fingerprints. Therefore, we can conclude based on all
results from this study that crop-to-weed introgression can significantly promote the genetic
differentiation of weedy rice populations with the original indica genotype through accu-
mulating japonica-specific alleles from its co-existing japonica rice varieties. In other words,
the gradual introgression of different crop-specific alleles into weedy rice populations can
considerably cause their within- and between-population genetic differentiation.

Our results based on the InDel molecular fingerprints also suggest that the level of Fj
values was significantly associated with the two independent genetic diversity parameters
(Nei’s expected heterozygosity, He, and Shannon’s information index, I) in both ISWPs and
NSWPs (Figures 8 and 9). Noticeably, the polymorphic SSR molecular markers did not
show a significant correlation between genetic diversity and introgression in NSWPs, in
addition to a comparably lower level of correlation than the dimorphic (indica–japonica)
InDel molecular markers. The differences in genetic diversity revealed by SSR and InDel
molecular markers can easily be explained by the reasons that the formation of genetic
diversity in weedy rice is not only determined by crop-to-weed introgression involving
indica–japonica alleles or characteristics, but also by other types of alleles that are not
associated with the indica and japonica characteristics. Therefore, we propose that, based on
this case study, the Fj values that can represent japonica-specific allelic introgression can also
be used to determine the relationships between the level of crop-to-weed introgression and
the dynamics of genetic diversity in weedy rice populations. This conclusion is supported
by previous studies, in which an increased level of crop-to-weed introgression can promote
rapid changes in genetic diversity patterns in weedy populations [19,20,23,27].

4.3. Human Activities Can Accelerate the Evolution of Conspecific Weeds in Agroecosystems

It is well-known that weedy rice infests worldwide rice fields, causing considerable
losses in the grain yield and quality of cultivated rice [25–27]. As a conspecific weed of cul-
tivated rice, weedy rice evolved rapidly in rice ecosystems to adapt to the weed control and
the environmental changes associated with human activities around the globe [18,25–27].
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Weedy rice has become a great weed problem for rice cultivation around the world, includ-
ing in the rice-planting regions in China (e.g., Jiangsu Province), which threatens sustainable
rice production [33,42,69]. In some regions, a rapid change in the rice ecosystems has taken
place, such as the shift from rice transplanting to direct seeding, the application of farming
machinery, and the quick change in rice varieties [35–37,69]. These human activities in
the rice ecosystems could have imposed a strong impact on the evolutionary processes of
weeds, including weedy rice, to adapt to the changing environment. This case study that
we completed in Jiangsu Province with documented changes in rice cultivation from indica
to japonica varieties for the past few decades reveals the human-influenced evolution of
weedy rice in agroecosystems.

Our results indicated the presence of the japonica-specific alleles in JS weedy rice, most
likely through crop-to-weed allelic introgression based on the InDel molecular fingerprints.
Such introgression is closely associated with the rapid replacement of indica rice varieties
by japonica rice varieties in JS. This finding evidently indicates that human-influenced
cultivation changes in rice varieties (from indica to japonica) alone have already altered
the genetic components of the co-occurring weedy rice populations. Our results from
the analysis of InDel and SSR molecular fingerprints based on the ISWPs and NSWPs
further demonstrated a positive correlation of crop-to-weed introgression, as measured
by the Fj values, with the genetic differentiation of weedy rice. In addition, these results
also confirmed the close association between the levels of crop-to-weed introgression and
genetic diversity both in ISWPs and NSWPs, using the two sets of molecular fingerprints.

Altogether, these findings demonstrated that human activities or disturbances can
significantly influence the genetic differentiation and genetic diversity of weedy rice—a
conspecific weed—only through consecutive allelic introgression from its cooccurring
cultivated counterparts that have constantly been improved by humans at different periods
in time. This conclusion is supported by the large number of japonica-specific alleles
detected in JS weedy rice, which is associated with the rapid change in rice cultivation from
indica to japonica varieties. Genetic differentiation and genetic diversity are two important
elements that are closely associated with the evolution of plant species. Therefore, we
consider that human activities or disturbances can promote the rapid adaptive evolution
of conspecific weedy rice in rice ecosystems through the change in these elements, which
makes the control and management of weedy rice very difficult.

Such human-influenced rapid evolution of agricultural weeds as revealed in this case
study may also be frequently found in many other weedy plant species in agroecosys-
tems [8,15,16,70,71]. Previous studies reported that crop–weed introgression promoted
an increase in genetic diversity in cooccurring weed populations [23,28,71,72], due to the
frequent changes in newly developed crop varieties around the world [23,24,73]. Very
often, these new varieties contained many new alleles/genes, with even transgenes having
great evolutionary potential [17,24,73,74]. The results presented in this study provide a
convincing case to explain how a conspecific weed can evolve rapidly by accumulated crop
alleles from diverse crop varieties through crop-to-weed introgression to promote its ge-
netic differentiation and diversity. Such an impact on the adaptive evolution of conspecific
weeds imposes a great challenge for the control and management of these weeds.

5. Conclusions

In this study, we detected many japonica-specific alleles in JS weedy rice that should
originally be the indica type with the indica genetic background, based on the inser-
tion/deletion (InDel) molecular fingerprints. The presence of the japonica-specific alleles in
the indica type of weedy rice is most likely the result of gene flow or introgression of alleles
from japonica rice varieties; although, in the practical rice production, a very low frequency
of japonica weedy rice contamination might also happen. Such gradual introgression of
japonica alleles is closely associated with the change in rice cultivation from indica to japonica
varieties in the past few decades. Our results further indicate that crop-to-weed allelic intro-
gression has considerably changed the genetic components of the cooccurring JS-weedy rice
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populations. Further analyses based on InDel and SSR molecular fingerprinting indicate a
significant positive correlation between the levels of crop-to-weed introgression and genetic
differentiation in JS weedy rice. Similarly, increased crop-to-weed introgression promoted
a change in genetic diversity in weedy rice with a parabola correlation pattern. Altogether,
the above findings demonstrate that human activities, such as the change in cultivated
rice varieties, can impose a considerable impact on the evolution of its conspecific weed
by promoting genetic differentiation and diversity in rice ecosystems. A similar pattern
of crop-to-weed introgression promoting genetic differentiation and genetic diversity is
likely found in other crops and their conspecific weeds. Therefore, we conclude that, based
on this case study, human activities or disturbances may accelerate the adaptive evolution
of conspecific weeds through crop-to-weed introgression in agroecosystems, which may
impose a great challenge for the control and management of these weeds.
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varieties for every 10 years (khm2).
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Simple Summary: Hydrothermal vents are regions such as hot springs found on the seafloor in the
mid-ocean and near tectonic plates. They contain fluids with highly enriched carbon dioxide, which
is the central element of life on Earth. Many organisms live in this environment and can survive in
extreme conditions (extremophiles), such as up to 400 ◦C or higher, low pH, and high pressure. All
organisms need the carbonic anhydrase (CA) enzyme to handle the acid-base imbalance through
the hydration of carbon dioxide and the production of bicarbonate necessary for pH homeostasis
and many cellular functions. The CAs have been categorized into eight families. In this study, we
focused on α-, β-, and γ-CAs from the thermophilic microbiome of marine hydrothermal vents.
Microorganisms in this environment need CA to capture CO2, which is an important contribution
to marine hydrothermal vent ecosystem functioning. Previously, we showed the transfer of β-CA
gene sequences from prokaryotes to protozoans, insects, and nematodes via horizontal gene transfer
(HGT). HGT is not only the transfer and movement of genetic information between organisms but is
also a powerful tool in natural biodiversity. If the CA coding gene is transferred horizontally between
microorganisms in hydrothermal vents, it is hypothesized that CA is essential for survival in these
environments and one of the key players in the carbon cycle in the ocean.

Abstract: Carbonic anhydrases (CAs) are metalloenzymes that can help organisms survive in hy-
drothermal vents by hydrating carbon dioxide (CO2). In this study, we focus on alpha (α), beta (β),
and gamma (γ) CAs, which are present in the thermophilic microbiome of marine hydrothermal
vents. The coding genes of these enzymes can be transferred between hydrothermal-vent organisms
via horizontal gene transfer (HGT), which is an important tool in natural biodiversity. We performed
big data mining and bioinformatics studies on α-, β-, and γ-CA coding genes from the thermophilic
microbiome of marine hydrothermal vents. The results showed a reasonable association between
thermostable α-, β-, and γ-CAs in the microbial population of the hydrothermal vents. This rela-
tionship could be due to HGT. We found evidence of HGT of α- and β-CAs between Cycloclasticus
sp., a symbiont of Bathymodiolus heckerae, and an endosymbiont of Riftia pachyptila via Integrons.
Conversely, HGT of β-CA genes from the endosymbiont Tevnia jerichonana to the endosymbiont
Riftia pachyptila was detected. In addition, Hydrogenovibrio crunogenus SP-41 contains a β-CA gene
on genomic islands (GIs). This gene can be transferred by HGT to Hydrogenovibrio sp. MA2-6, a
methanotrophic endosymbiont of Bathymodiolus azoricus, and a methanotrophic endosymbiont of
Bathymodiolus puteoserpentis. The endosymbiont of R. pachyptila has a γ-CA gene in the genome. If α-
and β-CA coding genes have been derived from other microorganisms, such as endosymbionts of
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T. jerichonana and Cycloclasticus sp. as the endosymbiont of B. heckerae, through HGT, the theory of
the necessity of thermostable CA enzymes for survival in the extreme ecosystem of hydrothermal
vents is suggested and helps the conservation of microbiome natural diversity in hydrothermal vents.
These harsh ecosystems, with their integral players, such as HGT and endosymbionts, significantly
impact the enrichment of life on Earth and the carbon cycle in the ocean.

Keywords: big data mining; carbonic anhydrase; extreme ecosystems; horizontal gene transfer;
hydrothermal vents; mobile genetic elements; thermophilic microbiome

1. Introduction

Deep-sea hydrothermal vents are one of the best environments for evolutionary studies.
Hydrothermal vents are regions such as hot springs found on the seafloor. These are located
in the mid-ocean and near tectonic plates initially discovered in 1977 at a depth of 2.5 km
around a hot spring on the Galápagos volcanic rift (spreading ridge) off the coast of
Ecuador [1,2]. Based on their characteristics, deep-sea hydrothermal vents are called either
black smokers or white smokers [3]. Black smokers’ fluid temperature goes up to 400 ◦C or
above and has a low pH, but white smokers have an alkaline pH, and their temperature
is approximately 40–75 ◦C [3]. Hydrothermal vents contain fluids with highly enriched
carbon dioxide (CO2), which are discharged into the deep sea by these vents [4]. CO2 is a
very stable form of carbon, the central element of life on Earth, and consists of a carbon
atom covalently double-bonded to two oxygen atoms. Carbonic acid (H2CO3) is derived
from the reaction of CO2 and water molecules, so the product is an unstable compound
that spontaneously splits into bicarbonate (HCO3

−) and protons (H+).
Many organisms live in this environment, especially bacterial and archaeal species

that can survive in extreme conditions such as high temperatures and pressure. The
organisms adapted to this habit are called extremophiles. All organisms need carbonic
anhydrases (CAs) to handle the large amount of CO2 and, consequently, the related acid-
base imbalance [5–7]. CA is the metalloenzyme that catalyzes the reversible hydration of
CO2 to HCO3 and H+ as follows:

CO2 + H2O ↔ HCO3
− + H+

CAs are encoded by eight evolutionarily divergent gene families, including alpha
(α), beta (β), gamma (γ), delta (δ), zeta (ζ), eta (η), theta (θ), and iota (ι) CA. α-CA has
been reported in vertebrates, prokaryotes, fungi, algae, protozoa, and plants [7]. β-CA is
expressed in prokaryotes, plants, fungi, protozoa, arthropods, and nematodes [8–13]. γ-CA
is present in many plants, fungi, and prokaryotes. δ-CA and ζ-CA are present in marine
diatoms [7,12]. η-CA was identified in the causative agent of malaria, Plasmodium spp.,
and θ-CA was identified in marine diatoms [7,14,15]. Iota(ι)-CA was recently reported to
be expressed in diatoms and bacteria [16]. In this study, we focused on α-, β-, and γ-CAs
from the thermophilic microbiome of marine hydrothermal vents. These metalloenzymes
have an active site containing a Zn(II) metal ion cofactor [17], while Co(II) and Fe(II) can
be included in α- and γ-CA, respectively [7]. The structures of α-CAs are frequently
monomers and rarely dimers [18]; β-CAs are dimers, tetramers, or octamers [19]; and
γ-CAs are trimers [20].

A previous study showed that β-CA gene sequences could be transferred from prokary-
otes to protozoans, insects, and nematodes via HGT [21]. Additionally, the involvement
of bacterial β-CA gene sequences in the gastrointestinal tract and their horizontal transfer
to their host during evolution has been demonstrated [22]. HGT, also called lateral gene
transfer (LGT), is the transfer and movement of genetic information between organisms and
thus is differentiated from the vertical transmission of genes from parent to the next gener-
ations [23]. HGT plays a crucial role in natural biodiversity as a general mechanism [24,25],
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and it often causes dramatic changes in the ecological and pathogenic properties of bacterial
species, thereby promoting microbial diversification and speciation [25]. HGT may occur
via mobile genetic elements (MGEs) such as integrons, genomic islands (GIs), integrative
conjugative elements (ICEs), transposable elements (TEs), plasmids, and phages [26–30].
MGEs are parts of DNA that encode enzymes and other proteins that interpose the transfer
of DNA in HGT within genomes (intracellular mobility) or between bacterial cells (in-
tercellular mobility) [26]. Intercellular transfer of DNA takes three forms in prokaryotes:
transformation, conjugation, and transduction [31].

Integrons are MGEs that allow the capture and expression of exogenous genes. Inte-
grons have three essential core features: intI, attI, and Pc [32,33]. IntI is the gene encoding
an enzyme for catalyzing recombination between incoming gene cassettes called integron
integrase (IntI) [32]. AttI is an integron-associated recombination site [33], and Pc is an
integron-associated promoter that is expressed once a gene cassette is recombined [34].
The length of GIs is more than 10 kb, a part of a chromosome, recognized as discrete
DNA segments, and can be different from closely related strains, and transposase is a
primary tool for HGT through GIs [32–34]. Another family of MGEs is the integrative
conjugative element (ICE), called the conjugative transposon. ICEs have two features:
first, they are integrated into a host genome, and second, they encode a type IV secretion
system (functional conjugation system) [28,35]. TEs are DNA sequences that can move
from one location to another in the genome [30]. TEs fall into two classes: retrotransposons
(Class I) or RNA transposons [36] and true transposons (Class II) or DNA transposons that
consist of a transposase gene with two terminal inverted repeats (TIRs) on either side [30].
Additionally, insertion sequences (IS) are small MGEs that carry more than one or two
transposase genes [37]. The CA genes may be transferred between organisms living in
hydrothermal vents and their endosymbionts via HGT. Endosymbiotic bacteria are located
in the trophosome of the host, which contains animal cells, so-called bacteriocytes [38]. For
instance, one of the important living organisms living in deep-sea hydrothermal vents is the
giant tubeworm Riftia pachyptila, which lives with its symbiont bacteria. Nitrate, oxygen,
hydrogen sulfide, and inorganic carbon are taken up from the environment and it feeds its
symbiotic bacteria with these substances in an organ known as the trophosome [39].

In addition, about one-third of the added carbon from atmospheric CO2 uptake into
the ocean increases dissolved CO2 in seawater [40]. The accompanying acidification may
reduce the seawater saturation of calcite, thus affecting marine calcifications. CA helps the
concentration of inorganic carbon in the fluid from which calcium carbonate is sedimented
and directly affects the calcification in some calcifiers, such as gastropods, oysters, and giant
clams as well as coral calcification. The calcification can be reduced by 40%, which has been
affected by high atmospheric CO2 levels. Even a modest impact on producing carbonate
shells and skeletons may have important consequences on the global carbon cycle [41].

Microorganisms in this environment need CA to capture CO2, which is an important
contribution to marine hydrothermal vent ecosystem functioning [42]. It has been suggested
that α-CA evolution may contribute to the vulnerability to environmental changes of
bivalves and their diversity [43] since HGT would create a large variability acted on by
natural selection [39]. If the coding gene of this enzyme is transferred horizontally between
hydrothermal vent microorganisms, it is hypothesized that CA is essential for survival
and for preserving natural biodiversity in this extreme ecosystem. For this purpose, we
investigated the evolutionary relationship and the possibility of HGT in the hydrothermal
vent ecosystem. We conducted a large data mining and bioinformatics study focusing on the
HGT of α-, β- and γ-CA genes in the microbial population of deep-sea hydrothermal vents.

2. Materials and Methods

2.1. Identification of α-, β-, and γ-CA Sequences

We collected the names of all microbial populations from hydrothermal vents based
on the literature. The protein and DNA sequences of CA candidates were retrieved from
databases that were previously annotated in these databases after performing genomics
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and proteomics studies (Tables S1–S3). We retrieved their α-, β-, and γ-CA protein se-
quences from UniProt (http://www.uniprot.org/, 1 March 2023). In addition, we utilized
a Position-Specific Iterated BLAST (PSI-BLAST) in the National Center for Biotechnology
Information (NCBI) for two iterations to identify sequences that were homologous to the
query sequences from organisms originating from hydrothermal vents. Each CA family has
a defined conserved amino acid sequence to retrieve other CAs from the relevant CA family.
α-CAs have three conserved histidine residues [21] (Figure 1A) that can be used as a pattern
for identifying bacterial α-CAs. β-CAs have two highly conserved motifs; the first motif
includes three residues of cysteine, aspartic acid, and arginine (CxDxR); the second highly
conserved motif includes histidine and cysteine residues (HxxC) [21] (Figure 1B). γ-CAs
have three histidine residues as well as asparagine and glutamine residues (NxQxxxxxH)
and (HxxxxH) [44,45] (Figure 1C).

Figure 1. Conserved residues of CAs in the catalytic active sites. (A) Three “H” histidines are highly
conserved in α-CAs. (B) Two cysteines “C”, one histidine “H”, one aspartic acid “D”, and one
arginine “R” are highly conserved amino acids in β-CAs. (C) Three histidine residues “H”, one
asparagine “N”, and one glutamine “Q” are highly conserved amino acids in γ-CAs.

In addition, α-, β-, and γ-CA proteins from the microbiome of marine hydrothermal
vent ecosystems with taxonomic classifications have been listed in Table S1 [46–62], Table
S2 [63–95], and Table S3 [96–118], respectively.

Multiple sequence alignment (MSA) was performed using the Tree-based Consistency
Objective Function for Alignment Evaluation (T-Coffee) [119] for the identification of
conserved residues in α-, β-, and γ-CA protein sequences. Additionally, we analyzed
these MSA results in Jalview2 software [120]. Then, we made a dataset for each organism
(the whole genome, if available) from the NCBI database (https://www.ncbi.nlm.nih.gov/
nuccore) (Access date: 1 March 2023) and apperceived the α-, β-, and γ-CA gene positions
on our bacterial genomes from the Ensembl Bacteria (https://bacteria.ensembl.org) (Access
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date: 1 March 2023) and KEGG (https://www.genome.jp/kegg/) (Access date: 1 March
2023) databases. We annotated our integrons via Geneious prime version: 2021.0.3 software
with default parameters.

2.2. Phylogenetic Analysis

We retrieved the Tax ID of all microbiomes from marine hydrothermal vents contain-
ing α-, β-, and γ-CA from the UniProt database (https://www.uniprot.org/taxonomy/)
(Access date: 1 March 2023) and NCBI database (https://www.ncbi.nlm.nih.gov/taxonomy/)
(Access date: 1 March 2023) for more accuracy. Phylogenetic trees were constructed for
evolutionary study using maximum likelihood, and models with the lowest Bayesian Infor-
mation Criterion (BIC) scores were considered to best describe the substitution pattern [121]
via MEGA X software [122] and annotated in FigTree V1.4.4 software for all protein se-
quences. Then, we generated a heatmap based on the pairwise sequence identity between
them using GraphPad Prism version 8.00 software for Windows (www.graphpad.com,
1 March 2023).

2.3. Identification of α-, β-, and γ-CA Genes on the MGEs
2.3.1. Integrons

Integrons have three essential core features: intI, attI, and Pc [32–34], so we tried to
find these features in our dataset. Integrons gain new genes as part of gene cassettes [123].
In addition to these features, we needed to find cassettes as simple structures consisting of a
single open reading frame (ORF) bounded by a cassette-associated recombination site called
a 59-base element or attC [124]. Gene cassettes exist in a circular free state and are integrated
into attI [125,126]. Integron integrase mediates the integration of circular gene cassettes
by site-specific recombination between attI and attC reversibly and excises [126–128]. For
the identification of the mentioned features, we used the Integron finder. Integron Finder
has two forms: a standalone program (https://github.com/gem-Pasteur/Integron_Finder)
(Access date: 1 March 2023) and a web application (https://galaxy.pasteur.fr/#forms::
integronfinder) (Access date: 1 March 2023). Hidden Markov model (HMM) profiles were
used for the search of integron-integrase and covariance models for attC sites. Pattern
matching was also used for other features (such as promoters and attI sites) [129]. In this
study, we applied the web application of integron finder.

2.3.2. Genomic Islands (GIs)

Prediction of GIs was studied using tools such as SIGI-HMM, IslandPath-DIMOB [130],
PAI-IDA [131], and Centroid [132], based on the evaluation of sequence compositions as
well as BLAST homology searches and whole-genome sequence alignment for comparative
genomics methods [48]. For this purpose, we applied the IslandViewer 4 (http://www.
pathogenomics.sfu.ca/islandviewer/) (Access date: 1 March 2023) database using a web
server to predict and visualize genomic islands in bacterial and archaeal genomes [133].
After searching all microorganisms in this database, we retrieved their annotations and
searched for α-, β-, and γ-CA genes on their GIs.

2.3.3. Integrative Conjugative Elements (ICEs)

ICEs comprise the ICE integration and excision module, ICE conjugation module, and
ICE regulation module, which are the main genetic modules [134]. ICEs contain integrase-
and relaxase-coding genes and/or type IV secretion systems. For the identification of
ICEs, we used ICEberg 2.0 (https://db-mml.sjtu.edu.cn/ICEberg/) (Access date: 1 March
2023) [135,136].

2.3.4. Transposable Elements (TEs), Phages, and Plasmids

Insertion sequences (IS) and true transposons (Tn) consist of a transposase gene with
two terminal inverted repeats (TIRs) on either side [30]. IS are small mobile elements
that carry little more than one or two transposase genes [37]. For the identification of
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these elements, we used the MobileElementFinder web server (https://cge.cbs.dtu.dk/
services/MobileElementFinder/) (Access date: 1 March 2023) [137]. To study phages in
our datasets, we needed to find evidence of prophages. Evidence of insertion sites includes
alteration of GC content and the presence of tRNA flanking the region [138]. PhageWeb
(http://computationalbiology.ufpa.br/phageweb/) (Access date: 1 March 2023) was used
to search for this evidence. Utilizing information from a 2018 study by Sousa, A.L.d., et al.,
we set options to default (BLAST options to identify 80% and six minimum of CDS) in
prophage identification [139]. After that, we checked the location of our genes for the
position on the chromosome or plasmid.

3. Results

3.1. Identification of α-, β-, and γ-CA and Protein Sequences

This study evaluated 83 previously isolated microorganisms in or around hydrother-
mal vents (Tables S1–S3). They consisted of bacteria and archaea and were classified
into ten groups of bacterial species, including Alphaproteobacteria, Deltaproteobacteria,
Epsilonproteobacteria, Gammaproteobacteria, Zetaproteobacteria, Aquificae, Bacilli, De-
ferribacteres, Deinococci, and Fusobacteria, as well as four groups for archaea, including
Archaeoglobi, Methanopyri, Methanococci, and Thermococci. We retrieved 25 α-CA,
55 β-CA, and 47 γ-CA protein sequences from the UniProt database [140]. We must note
that we have abbreviated microorganism names for convenience, and they are stated in
the Supplementary Materials (Tables S1–S3). It is worth noting that many of these isolated
species from hydrothermal vents are endosymbiotic microorganisms.

The results of the MSA for verification of α-, β-, and γ-CA protein sequences are
shown in the Supplementary Materials (Figures S1–S3). Many α-CAs from the thermophilic
microbiome of marine hydrothermal vents have been studied previously [42]. At first, the
MSA of α-CA showed conserved residues (Figure S1) in which three conserved histidine
residues (His107, His109, and His126) [21] were visible and coordinated with the Zn2+

metal ion cofactor in the enzyme catalytic active site [141]. Next, the MSA of β-CAs showed
three conserved residues in the first highly conserved motif (CxDxR), including cysteine,
aspartic acid, and arginine, with variation in the residues between them [21]. The second
highly conserved motif (HxxC), which contained histidine and cysteine residues with two
other residues between them, was also observed [21] (Figure S2). Finally, in the MSA of
γ-CAs, we identified three histidine residues, asparagine and glutamine residues, that were
highly conserved [44,45] (Figure S3).

3.2. Phylogenetic Analysis

The results of phylogenetic analysis and heatmaps of α-, β-, and γ-CAs from the
thermophilic microbiome of hydrothermal vents are shown in Figure 2, Figure 3, and
Figure 4, respectively. We highlighted the bacterial CAs with blue and archaea with
orange. The evolutionary history was inferred using the maximum-likelihood method
and the result of calculating the best model using the Le Gascuel model with discrete
gamma distribution and invariable sites (LGGI) [142]. Since the phylogenetic analysis of
α-CAs from the thermophilic microbiome of marine hydrothermal vents has been studied
previously [42], we analyzed additional species, including Hydrogenovibrio crunogenus
(XCL-2), Hydrogenovibrio crunogenus (SP-41), Bacillus oceanisediminis, Sulfurivirga caldicuralii,
Caldithrix abyssi, an endosymbiont of Riftia pachyptila (vent Ph05), Bathymodiolus platifrons
as a methanotrophic gill symbiont, and Cycloclasticus sp. as symbionts of Bathymodiolus
heckerae, Nitrosophilus alvini, Nitrosophilus labii, Sulfurimonas paralvinellae, Hydrogenimonas
urashimensis, Sulfurovum indicum and Persephonella atlantica (Figure 2).
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Figure 2. Phylogenetic analysis of α-CAs from the thermophilic microbiome of hydrothermal vents.
(A) The tree’s branches and nodes were colored based on bootstrap values (0–1), and the bacterial
CAs and archaea were highlighted with blue and orange, respectively, via FigTree V1.4.4 software.
(B) α-CA pairwise sequence identity heatmap. The heatmap for the all-versus-all pairwise sequence
identity of α-CA calculations was generated using T-Coffee MSA. Pairwise sequence identity values
are colored from yellow (highest) to black (lowest).

Figure 3. Phylogenetic analysis of β-CAs from the thermophilic microbiome of hydrothermal vents.
(A) The tree’s branches and nodes were colored based on bootstrap values (0–1), and the bacterial
CAs and archaea were highlighted with blue and orange via FigTree V1.4.4 software. (B) β-CA
pairwise sequence identity heatmap. The heatmap for the all-versus-all pairwise sequence identity of
β-CA calculations was generated using T-Coffee MSA. Pairwise sequence identity values are colored
from yellow (highest) to black (lowest).
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Figure 4. Phylogenetic analysis of γ-CAs from the thermophilic microbiome of hydrothermal vents.
(A) The tree’s branches and nodes were colored based on bootstrap values (0–1), and the bacterial
CAs and archaea were highlighted with blue and orange, respectively, via FigTree V1.4.4 software.
We did not find any specific items between clades A and B or between clades C and D that can be
categorized as separate clades. (B) γ-CA pairwise sequence identity heatmap. The heatmap for the
all-versus-all pairwise sequence identity of γ-CA calculations was generated using T-Coffee MSA.
Pairwise sequence identity values are colored from yellow (highest) to black (lowest).

The phylogenetic tree ofα-CAs was performed with the highest log-likelihood (−9636.17).
Initial trees for the heuristic search were obtained automatically by applying neighbor-
joining and BioNJ algorithms to a matrix of pairwise distances estimated using the Jones-
Taylor-Thornton (JTT) model and then selecting the topology with a superior log-likelihood
value. A discrete gamma distribution was used to model evolutionary rate differences
among sites (two categories (+G, parameter = 1.1935)). The rate variation model allowed
some sites to evolve invariably ([+I], 3.92% sites). The tree was drawn to scale, with branch
lengths measured in the number of substitutions per site. Twenty-five α-CA amino acid
sequences were involved in this analysis. There were a total of 357 positions in the final
dataset. The analysis revealed that there is a common ancestor between Hc(XCL-2)-ACA
and Hc(SP-41)-ACA; Sr-ACA and S(NBC37-1)-ACA; G(EPR-M)-ACA and G(HR-1)-ACA;
Nt-ACA and Nl-ACA; and Pat-ACA and Ph-ACA.

The phylogenetic tree of β-CAs with the highest log-likelihood (−15,146.85) is shown
in Figure 3. Initial trees for the heuristic search were obtained automatically by applying
neighbor-joining and BioNJ algorithms to a matrix of pairwise distances estimated using
the JTT model and then selecting the topology with a superior log-likelihood value. A
discrete gamma distribution was used to model evolutionary rate differences among sites
(two categories (+G, parameter = 2.7462)). The rate variation model allowed some sites to
evolve invariably ([+I], 0.97% sites). This analysis involved 55 β-CA amino acid sequences.
There were a total of 308 positions in the final dataset. Based on bootstrap values and
identity, we divided this tree (Figure 3) into six clades from A to F. The analysis revealed
that there is a common ancestor between the β-CAs in each clade.

The phylogenetic tree of γ-CAs with the highest log-likelihood (−9786.77) is shown
in Figure 4. The initial phylogenetic trees for the heuristic search were automatically
obtained by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances
estimated using the JTT model. The topology with a superior log-likelihood value was then
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selected. A discrete gamma distribution was used to model evolutionary rate differences
among sites (two categories (+G, parameter = 1.6179)). The variation model rate allowed
some sites to evolve invariably ([+I], 3.65% sites). Forty-seven amino acid sequences were
involved in this analysis. There were a total of 219 positions in the final dataset. We divided
this tree into four clades from A to D based on bootstrap values and identity, similar to
the β-CA phylogenetic analysis. The analysis revealed that there is a common ancestor
between the γ-CAs in each clade.

3.3. Identification of α-, β-, and γ-CA Genes on MGEs
3.3.1. Integrons

Integrons are divided into complete integrons, In0 elements, and CALINs elements.
Complete integrons have an integrase and one attC site or more. The In0 elements consist of
an integron integrase without attC sites, and CALINs have two attC sites or more without
integron integrases. After searching integron features on our dataset, we found integrons
in many microorganisms, which have been mentioned in Table 1. We performed a BLAST
analysis on all protein CDS (protein-coding sequences) on integrons. The results showed
that only the endosymbiont of R. pachyptila and the endosymbiont of Tevnia jerichonana
have CA-coding genes in their integron area.

Table 1. Integrons in the thermophilic microbiome from hydrothermal vents.

Microorganisms Integron Type Integrase CA Gene

Cycloclasticus sp. symbiont of
Bathymodiolus heckerae

Endosymbiont of Riftia pachyptila
(vent Ph05)

Sulfurovum sp. NBC37-1

In0 Intersection tyr intI -
Integron 1: CALIN
Integron 2: CALIN - α-CA

β-CA
Integron 1: CALIN
Integron 2: CALIN - -

Caldithrix abyssi
Hydrogenovibrio crunogenus SP-41

CALIN - -
Integron 1: CALIN
Integron 2: CALIN

Integron 3: Complete
Integron 4: CALIN

Intersection tyr intI -

Thiomicrospira crunogena XCL-2
Bathymodiolus thermophilus

thioautotrophic gill symbiont
Endosymbiont of
Tevnia jerichonana

Halomonas sulfidaeris strain SST4

Integron 1: CALIN
Integron 2: CALIN - -

Integron 1: CALIN
Integron 2: CALIN
Integron 3: CALIN

- -

CALIN - β-CA
CALIN - -

Marinobacter sp. LQ44 Integron 1: CALIN
Integron 2: In0 Intersection tyr intI -

Sulfurimonas autotrophica Integron 1: In0
Integron 2: CALIN Intersection tyr intI -

Endosymbiont of
Bathymodiolus septemdierum

Integron 1: CALIN
Integron 2: CALIN

Integron 3: In0
Integron 4: CALIN
Integron 5: CALIN

Intersection tyr intI -

Hydrogenovibrio thermophilus
Thermococcus barophilus strain CH5

Complete Intersection tyr intI -
CALIN - -

Cycloclasticus sp. symbiont of
Bathymodiolus heckerae In0 Intersection tyr intI -

Endosymbiont of Riftia pachyptila
(vent Ph05)

Integron 1: CALIN
Integron 2: CALIN - α-CA

β-CA
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Table 1. Cont.

Microorganisms Integron Type Integrase CA Gene

Sulfurovum sp. NBC37-1 Integron 1: CALIN
Integron 2: CALIN - -

Caldithrix abyssi CALIN - -

Hydrogenovibrio crunogenus SP-41

Integron 1: CALIN
Integron 2: CALIN

Integron 3: Complete
Integron 4: CALIN

Intersection tyr intI -

Thiomicrospira crunogena XCL-2 Integron 1: CALIN
Integron 2: CALIN - -

Bathymodiolus thermophilus
thioautotrophic gill symbiont

Integron 1: CALIN
Integron 2: CALIN
Integron 3: CALIN

- -

Endosymbiont of
Tevnia jerichonana CALIN - β-CA

Halomonas sulfidaeris strain SST4 CALIN - -

Marinobacter sp. LQ44 Integron 1: CALIN
Integron 2: In0 Intersection tyr intI -

Sulfurimonas autotrophica Integron 1: In0
Integron 2: CALIN Intersection tyr intI -

Endosymbiont of
Bathymodiolus septemdierum

Integron 1: CALIN
Integron 2: CALIN

Integron 3: In0
Integron 4: CALIN
Integron 5: CALIN

Intersection tyr intI -

Hydrogenovibrio thermophilus Complete Intersection tyr intI -

Thermococcus barophilus strain CH5 CALIN - -

According to data analysis by Integron Finder, the endosymbiont of Riftia pachyptila
contains two integrons. The first integron has one CDS, and the second has two attC sites;
the CALIN type has six CDSs, an α-CA gene on the fourth CDS, and a β-CA gene on the
sixth CDS (Figure 5A). The endosymbiont of Tevnia jerichonana has one integron with two
attC sites, six CDS is CALIN type, and a β-CA gene on the fourth CDS (Figure 5B).

Figure 5. Integrons of endosymbionts of (A) Riftia pachyptila and (B) Tevnia jerichonana. The α- and
β-CA genes are bolded and marked with red stars.
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3.3.2. Genomic Islands (GIs)

According to the IslandViewer 4 (http://www.pathogenomics.sfu.ca/islandviewer/)
(Access date: 1 March 2023) database, 25 out of 83 of our microorganisms have GIs, and
only one of the Hydrogenovibrio crunogenus SP-41 GIs carries a β-CA gene (Hc(SP41)-BCA)
(UniProt ID: Q31FD6) and three transposase genes that are primary tools for HGT [143]
(Figure 6). This GI is predicted by SIGI-HMM [144] and IslandPath-DIMOB methods [130].
However, the HGT of β-CA genes with GIs between prokaryotes and protists was previ-
ously studied [22].

Figure 6. GIs of Hydrogenovibrio crunogenus SP-41. Hc(SP41)-BCA and transposase genes are marked
green and shown in the red box. The GC content is visible at the center of the figure.

3.3.3. Integrative Conjugative Elements (ICEs), Transposable Elements (TEs), Phages,
and Plasmids

According to ICEberg 2.0 (https://db-mml.sjtu.edu.cn/ICEberg/) (Access date:
1 March 2023) and MobileElementFinder web server results, we did not find any α-, β-,
and γ-CA genes on the ICEs and TEs. Additionally, using PhageWeb (https://github.com/
phagewebufpa/API (Access date: 25 April 2019), we did not find any evidence supporting
the transfer of α-, β-, and γ-CA genes via phages. Based on the details of our dataset, CA
genes were not located on the plasmids from the thermophilic microbiome of hydrothermal
vents, and all genes were found on the chromosomes.

4. Discussion

The evolutionary process in hydrothermal vent ecosystems and the role of viruses
in the biodiversity in this harsh environment have been studied previously. A study

285



Biology 2023, 12, 770

performed by Cheng et al. [145] revealed that bacteriophages are the most predominant
viruses across the global hydrothermal vents, while single-stranded DNA viruses, including
Microviridae and small eukaryotic viruses, have been located in the next steps. The
metagenomics analysis showed that this virome plays a crucial role in the evolution and
biodiversity of the microbiome of hydrothermal vents, especially Gammaproteobacteria
and Campylobacterota [145]. Although the bacteriophages have no role in the HGT of
CA genes in the hydrothermal ecosystems, our previous studies showed the HGT of β-CA
genes from prokaryotic endosymbionts to their protozoan, insects, and nematodes hosts.
In addition, the genomic islands have been shown to have a potential role in the HGT
of β-CA genes from ancestral prokaryotes to protists. Since then, no further study has
been performed on the HGT of CA genes. Since hydrothermal vent ecosystems have been
reported as potent environments for HGT and biodiversity, these harsh deep-sea fissures
were studied.

According to the heatmap and phylogenetic analysis (Figure 2) of α-CAs, Bpm-ACA
and Ca-ACA showed no significant relationship with the other α-CAs. Hc(XLC-2)ACA,
Hc(SP41)-ACA, and Sca-ACA clustered together with branch bootstrap values of 1.00,
showing significant relationships. Additionally, G(HR-1)-ACA and G(EPR-M)-ACA had
a branch bootstrap value of 1.00, indicating a robust evolutionary relationship similar to
that between Sr-ACA and S(NBC37-1)-ACA, whose bootstrap value was also 1.00. Similar
to a previous study, the branch for Pm-ACA and Ph-ACA was observed to have a high
bootstrap value of 0.99. A high branch bootstrap value of 0.86 was observed for CsBh-
ACA and Erp-ACA. It is necessary to mention that all the α-CAs above belong to the
Proteobacteria phylum except for Pm-ACA and Ph-ACA, which belong to the Aquificae
phylum. According to the heatmap and phylogenetic analysis (Figure 3) of β-CAs, in clade
A, Opr-BCA and It-BCA have poor relationships with other clade members, showing a
branch bootstrap value of 0.37. All members of clade B have the same root, but Mfe-BCA,
Mfo-BCA, and Mb-BCA have poor relationships with other clade members. In clade C, a
significant relationship between Sr-BCA, S(NBC37)-BCA, and Si-BCA showed a branch
bootstrap value of 1.00, in which pairwise sequence identities of more than 88.6% were
revealed. Although these three cases with a branch bootstrap value of 0.92 have a significant
relationship with Ns-BCA, they have a poor relationship with other members of clade C.
In clade D, a relationship between Erp-BCA, Et-BCA, and CsBh-BCA was observed with
a 1.00 branch bootstrap value, in which a pairwise sequence identity of more than 83.5%
was observed for all three. In clade E, the cluster containing Hts-BCA, Ts-BCA, Hc(XCL-2)
–BCA, and Btt-BCA was observed with a branch bootstrap value of 1.00. Clade F with
a 0.3 branch bootstrap value did not show a good relationship with other clades, while
Di-BCA and Ta-BCA have the same root as Tp-BCA, a member of archaea. According to
the heatmap and phylogenetic analysis of γ-CAs (Figure 4), clades A and B, with branch
bootstrap values of 0.02 and 0.001, respectively, have a very poor relationship with other
clades, including Erpi-GCA, Erp-GCA, and ET-GCA with different branch bootstrap values
of more than 0.98 and a pairwise sequence identity value of more than 97.78, which have
a significant relationship together. In addition, a meaningful relationship was observed
for Hts-GCA, Ts(S5)-GCA, and Sca-GCA with a branch bootstrap value of 0.99. In clade C,
archaea and bacteria have the same root, and according to the heatmap, all archaea have
high pairwise sequence identity values. In clade D, Gbah-GCA and Ggac-GCA have a good
relationship with a branch bootstrap value of 0.99 and a pairwise sequence identity value
of 69.18. According to the heatmap of γ-CA (Figure 4B) in clade D, Gs-GCA with a branch
bootstrap value of 0.99 and a pairwise sequence identity value of 94.29 had a significant
relationship with Gk-GCA.

CALIN elements (Table 1) might have arisen from a missing integrase in a previously
complete integron. The α- and β-CA genes from CALIN may be cut by the integron-
integrase and reinserted in the integron at an attI site. Since the stable circular form
of CALINs can survive in the environment, these genetic elements can be taken up by
transformable bacteria through a transformation mechanism [146]. On the other hand,
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integrons often capture cassettes from CALIN elements [129], so the α- and β-CA genes
can be derived from different microorganisms or transferred to other hosts. According
to the phylogenetic trees of α- and β-CA (Figures 2A and 3A), Erp-ACA has the highest
relationship with CsBh-ACA, with a bootstrap value of 0.40 and a pairwise sequence
identity value of 57.61, which is a weak relationship. In addition, it has a relatively weak
relationship with G(EPR-M)-ACA and G(HR-1)-ACA twins with a bootstrap value of
0.44 and pairwise sequence identity values of 55.19 and 57.39, respectively. The β-CAs
in clades A and B, with 0.02 and 0.001 branch bootstrap values, respectively, did not
have a good relationship with other clades. At the same time, Erp-BCA is the highest
related compound to Et-BCA and CsBh-BCA, with a 1.00 branch bootstrap value and
pairwise sequence identity of 99 and 100, respectively. Moreover, the β-CA gene (Et-BCA)
from the endosymbiont of T. jerichonana is related the highest to Erp-BCA and CsBh-
BCA, with a branch bootstrap value of 1.00 and pairwise sequence identity of 99 and 84,
respectively, which indicates the possibility of horizontal gene transfer of β-CA coding
genes in these microorganisms.

It should be noted that inorganic carbon from CO2 is first obtained from the environ-
ment via diffusion through the plume, a branchial organ [147]. Next, CO2 is transformed to
HCO3

− and transported to trophosome cells, particularly bicarbonate, at the surrounding
branchial plume interface. Then, HCO3

− is transformed to CO2 on the body fluids and
bacterial cells [148] and adhered via the bacterial symbiont enzyme RuBisCO form II. In
the arginine biosynthesis and pyrimidine pathways, carbamylphosphate synthetase uses
inorganic HCO3

− to start the biosynthesis process. Since the metabolic relationship be-
tween R. pachyptila and its endosymbiont is vital for the survival of each organism, this
issue can explain the cause and importance of HGT of CA in these organisms. Furthermore,
R. pachyptila contains an α-CA gene [149] with UniProt ID: Q8MPH8, which is not similar
to Erp-ACA.

Additionally, T. jerichonana has no reported CA family. Identification of the β-CA
gene beside three transposase genes on one of the GIs of H. crunogenus SP-41 could lead to
the theory that this gene may be transferred with plasmids and phages or occur through
transposon accumulation in recombination sites. Experimental studies have suggested
the release of about 1.5 billion symbionts from dead tubeworm clumps into the environ-
ment [47], which provides the opportunity for the spread and HGT of CA genes in the
environment and preparing the biodiversity condition.

In addition to the β-CA phylogenetic tree, the heatmap showed that the Hc(SP41)-
BCA in clade B is closely related to Hs(MA2-6)–BCA with a branch bootstrap value of 0.99
and a pairwise sequence identity value of 82.9. In addition, MeBa-BCA and MeBp-BCA
showed a close relationship with Hc(SP41)-BCA with branch bootstrap values of 1.0 and
pairwise sequence identity values of 76.56 for both cases. The HGT of hydrogenase-coding
genes between H. crunogenus SP-41 and H. crunogenus XCL-2 was studied previously [150];
however, in this study, H. crunogenus SP-41 (Hc(SP41)-BCA) had no HGT relationship with
H. crunogenus XCL-2. R. pachyptila has cytosolic α-CA in the trophosome. Although these
organisms need secretory CA for their physiological needs and use Erp-ACA, this theory
must be experimentally studied.

The significance of this study revealed that there is an evolutionary relationship
between Hc(XLC-2)ACA, Hc(SP41)-ACA, and Sca-ACA; G(HR-1)-ACA and G(EPR-M)-
ACA; Sr-ACA and S(NBC37-1)-ACA; Pm-ACA and Ph-ACA; and CsBh-ACA and Erp-ACA
in α-CAs. In addition, there is an evolutionary relationship between Sr-BCA, S(NBC37)-
BCA, and Si-BCA; Erp-BCA, Et-BCA, and CsBh-BCA; and Hts-BCA, Ts-BCA, Hc(XCL-2)
–BCA, and Btt-BCA in β-CAs. Additionally, there is an evolutionary relationship between
Erpi-GCA, Erp-GCA, and ET-GCA; Hts-GCA, Ts(S5)-GCA, and Sca-GCA; Gbah-GCA and
Ggac-GCA; and Gs-GCA and Gk-GCA in γ-CAs.

Elevated CO2 pressure in seawater can affect marine organisms by disrupting acid-
base physiology and decreasing mineralization rates (affecting calcium carbonate saturation
and calcification). Ocean uptake of anthropogenic CO2 and associated changes in seawater
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chemistry adversely affect biodiversity, other ecosystem processes, and the global carbon
cycle [151]. The HGT and distribution of CA genes in the hydrothermal vent area may also
help the survival and diversity of the organisms in this environment.

5. Conclusions

According to the results of this big data mining and bioinformatics study, α-, β-
, and γ-CAs from the thermophilic microbiome of marine hydrothermal vents have a
reasonable evolutionary relationship. The α-, β-, and γ-CA genes can be transferred to other
microorganism habitats in hydrothermal vents via HGT and cause natural biodiversity in
this extreme ecosystem. Given the presence of an integron with an integrase coding gene
in the Cycloclasticus sp. symbiont of Bathymodiolus heckerae, it is highly possible that the
α-CA coding gene is transferred between Cycloclasticus sp. as the symbiont of B. heckerae
and endosymbiont of Riftia pachyptila. This evolutionary phenomenon can also be applied
to β-CA-coding genes.

According to the β-CA gene on the endosymbiont of T. jerichonana and the endosym-
biont of R. pachyptila and the evolutionary relationship between them, the HGT of the β-CA
gene from the endosymbiont of T. jerichonana to the endosymbiont of R. pachyptila and
conversely is highly possible. In addition, the endosymbiont of R. pachyptila has a γ-CA
gene on the chromosome; if α- and β-CA coding genes are derived from other microorgan-
isms, such as the endosymbiont of T. jerichonana and Cycloclasticus sp. as the symbiont of B.
heckerae, the theory of the necessity of the CA enzyme for survival in this extreme ecosystem
and its effect on preserved natural biodiversity is proposed. Despite the presence of the
α-CA gene in R. pachyptila and the α-, β-, and γ-CA genes in its endosymbiont, this theory
is suggested for this giant marine worm. Therefore, the prokaryotic endosymbionts of
mussels and giant marine worms have evolutionary relationships through HGT. With more
focus on the HGT phenomenon, endosymbionts are integral parts of natural biodiversity
and ecosystem functioning of marine hydrothermal vents.
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Alignment of β-CAs from the thermophilic microbiome of hydrothermal vents; Figure S3, Multiple
Sequence Alignment of γ-CAs from the thermophilic microbiome of hydrothermal vents; Table
S1, α-CA proteins from the microbiome of marine hydrothermal vent ecosystems with taxonomic
classifications; Table S2, β-CA proteins from the microbiome of marine hydrothermal vent ecosystems
with taxonomic classifications; Table S3, γ-CA proteins from the microbiome of marine hydrothermal
vent ecosystems with taxonomic classifications.
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