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Preface

This Special Issue aims to advance our understanding of the mechanisms governing the responses
of community biodiversity and ecosystem functioning to global change drivers. It compiles studies
on the direct and indirect effects of climate change (warming, altered precipitation regimes), nitrogen
deposition, and biological invasions on species interactions, biological communities, and ecosystem
processes, such as plant productivity, nutrient cycling, and decomposition, across a wide range of
ecosystems. This Special Issue is intended for researchers in the field of ecology, policymakers and
practitioners interested in the mechanistic basis of biodiversity—ecosystem function relationships. By
linking scientific knowledge with applied relevance, we hope this Special Issue will contribute to better
predicting, managing, and conserving biodiversity and ecosystem processes and services on a rapidly

changing planet.

Shucun Sun and Panayiotis G. Dimitrakopoulos
Guest Editors
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Editorial
Biodiversity and Ecosystem Function Under Global Change:
An Editorial for the Special Issue

Shucun Sun ** and Panayiotis G. Dimitrakopoulos *

1 Department of Biology, School of Life Sciences, Nanjing University, Nanjing 210093, China

2 Biodiversity Conservation Laboratory, Department of Environment, University of the Aegean,
81132 Mytilene, Greece

*  Correspondence: shcs@nju.edu.cn (S.S.); pdimi@aegean.gr (P.G.D.)

Climate change, land use changes, pollution (e.g., nitrogen deposition), and biological
invasions are features of global environmental change, affecting biodiversity and ecosys-
tem functioning worldwide [1]. In recent decades, many studies have been conducted
to investigate how biodiversity loss affects ecosystem functioning under mean or vari-
able environmental conditions [2-5]. However, the biological and ecological mechanisms
through which global changes affect biodiversity and ecosystem functioning remain incom-
pletely understood. This Special Issue, through its ten articles that cover a wide range of
ecosystems—from alpine meadows and temperate steppes to semi-arid grasslands and
polar marine environments— aims to address this gap by offering new knowledge about
the mechanisms linking global change drivers to ecosystem structure and function.

Several research studies focus on understanding climate and nutrient interactions
on carbon sequestration plant productivity, soil processes, and ecosystem dynamics in
terrestrial ecosystems [6,7]. Bebaba et al. [8] showed that species richness and functional
diversity of plants decreased with increasing nitrogen deposition rate and that nutrient
enrichment affects the relationship between plant functional diversity and productivity but
not that with taxonomic or phylogenetic diversity. Lou et al. [9] revealed that soil nitrogen
supply levels affect variability in seed production and enhance reproductive success across
years in a perennial herb in the eastern Tibetan plateau. Feng et al. [10] showed that long-
term increases in daytime temperatures, more so than increases in nighttime temperatures,
cause changes in the composition of soil microbial communities, reducing the ratio of fungi
to bacteria, which enhances soil respiration in semi-arid grasslands.

Species interactions and ecological responses under changing environmental con-
ditions is an important issue shaping the response of biological communities to global
change [11]. An and Sun [12] found a clear impact of introduced Western honeybees on
native bee species, especially rare species that present greater niche overlaps defined based
on their food sources, underscoring that the development of beekeeping practices in natural
ecosystems must consider the diversity and rarity of wild pollinators and the availability of
food resources to them. Sun et al. [13] noted the role of rainfall timing but not rainfall inten-
sity in the structure of dung beetle communities and the rate of dung decomposition in an
alpine meadow in Tibet, explaining how changing precipitation patterns shape ecosystem
function. Futai and Ishiguro [14] demonstrate that sexually mature Monochamus beetles are
key drivers of pine wilt disease spread by transmitting nematodes to nearby healthy trees,
leading to the formation of asymptomatic carriers that sustain and expand infections in
pine forests.

On broader biogeographical scales, Abedin et al. [15] modeled the future loss and
fragmentation of the habitat of the vulnerable Red Goral (Naemorhedus baileyi) due to cli-
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mate change in the temperate mountains of South Asia, highlighting the need for effective
conservation strategies. Focusing on Antarctic marine ectotherms, Morley et al. [16] inves-
tigated their thermal limits and physiological plasticity, providing critical information on
the mechanisms of species-specific thermal tolerance in polar ecosystems. Bei et al. [17]
present an example of adaptation of Elaeagnus angustifolia to arid environments, which has
specialized umbrella-shaped trichomes on its leaves that allow it to collect water from the
atmosphere while reflecting solar radiation, reducing water loss.

Finally, Pang et al. [18] present a bibliometric analysis of global research efforts
(2002-2023) on carbon sources and sinks in farmland ecosystems, identifying emerging
trends and research gaps in carbon management under global change.

Taken together, the studies presented in this Special Issue highlight the complex inter-
connections between biodiversity, ecosystem functioning, and environmental variability.
Further research is needed to clarify how global drivers alter species interactions and
ecosystem processes to guide effective conservation and policy responses to the alarming
environmental changes influencing species and ecosystems worldwide.

Conflicts of Interest: The authors declare no conflicts of interest.
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Effect of Nitrogen Application Rate on the Relationships
between Multidimensional Plant Diversity and Ecosystem
Production in a Temperate Steppe

Gossaye Hailu Debaba !, Kunyu Li !, Xiaowei Wang !, Yanan Wang !, Wenming Bai ? and Guoyong Li 1/*
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wangxw0331@henu.edu.cn (X.W.); wangyanan@henu.edu.cn (Y.W.)

State Key Laboratory of Vegetation and Environmental Change, Institute of Botany, Chinese Academy of
Sciences, Beijing 100093, China; bwming@ibcas.ac.cn

*  Correspondence: ligy535@henu.edu.cn

Simple Summary: The continuous rise in anthropogenic nitrogen input, as one of the global change
drivers, could have significant effect on terrestrial ecosystems, altering plant diversity and produc-
tion. However, the effect of the nitrogen deposition rate on the multidimensional plant diversity—
production relationship is poorly understood. Here, we investigated how varying rates of nitrogen
deposition affect multidimensional plant diversity, biomass production, and its correlation in a tem-
perate steppe of northern China. Biomass production increased initially and reached the maximum,
then decreased with nitrogen deposition rates. Nitrogen deposition reduced species richness and
plant functional diversity, while it enhanced plant functional trait identity such as plant height and
leaf chlorophyll content. The phylogenetic structure of the plant community shifted from clustering to
overdispersion along the nitrogen deposition gradient. However, nitrogen deposition did not change
the relationships of species richness and phylogenetic structure with production but affected the
functional diversity-production relationships. The results imply the robust species and phylogenetic
diversity—production relationships and the varying functional diversity—production correlations un-
der nitrogen deposition. The findings highlight the importance of a trait-based approach in studying
the linkage between biodiversity and ecosystem function and facilitate the development of effective
management strategies to maintain biodiversity and ecosystem function in the temperate steppe.

Abstract: Nitrogen (N) deposition, as one of the global change drivers, can alter terrestrial plant
diversity and ecosystem function. However, the response of the plant diversity—ecosystem function
relationship to N deposition remains unclear. On one hand, in the previous studies, taxonomic
diversity (i.e., species richness, SR) was solely considered the common metric of plant diversity,
compared to other diversity metrics such as phylogenetic and functional diversity. On the other
hand, most previous studies simulating N deposition only included two levels of control versus N
enrichment. How various N deposition rates affect multidimensional plant diversity—ecosystem
function relationships is poorly understood. Here, a field manipulative experiment with a N addition
gradient (0, 1, 2, 4, 8, 16, 32, and 64 g N m—2 yr‘l) was carried out to examine the effects of N
addition rates on the relationships between plant diversity metrics (taxonomic, phylogenetic, and
functional diversity) and ecosystem production in a temperate steppe. Production initially increased
and reached the maximum value at the N addition rate of 47 g m~2 yr—!, then decreased along the
N-addition gradient in the steppe. SR, functional diversity calculated using plant height (FDis-Height)
and leaf chlorophyll content (FDis-Chlorophyll), and phylogenetic diversity (net relatedness index,
NRI) were reduced, whereas community-weighted means of plant height (CWMpjeigt) and leaf
chlorophyll content (CWMchjorophyn) were enhanced by N addition. N addition did not affect the
relationships of SR, NRI, and FDis-Height with production but significantly affected the strength of
the correlation between FDis-Chlorophyll, CWMyeight, and CWMcpjorophyll With biomass production
across the eight levels of N addition. The findings indicate the robust relationships of taxonomic and
phylogenetic diversity and production and the varying correlations between functional diversity

Biology 2024, 13, 554. https:/ /doi.org/10.3390/biology13080554 4 https://www.mdpi.com/journal /biology
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and production under increased N deposition in the temperate steppe, highlighting the impor-
tance of a trait-based approach in studying the plant diversity—ecosystem function under global

Change scenarios.

Keywords: biodiversity and ecosystem functioning (BEF); species richness; phylogenetic diversity;
functional diversity; nitrogen deposition; grassland ecosystem; global change

1. Introduction

The interrelationship between plant diversity and ecosystem productivity is one of
the most debated subjects in ecological research [1]. With rapid environmental changes,
species loss is recognized as a threat to ecosystem function because species diversity has
been documented as a major determinant of ecosystem productivity, stability, invasibility,
and nutrient dynamics [2,3]. Recently, there has been a growing body of literature evidence
that shows how diversity controls productivity [3,4]. However, the effect of environmental
changes such as nitrogen (N) deposition on the diversity-productivity relationship is poorly
understood [5].

Nitrogen is a key element controlling plant growth, survival, and many other biologi-
cal processes, especially in N limited ecosystems [6]. Reactive N deposition from intensive
agricultural, industrial, and other anthropogenic sources has been frequently recognized
as a threat to global terrestrial biodiversity [6-8]. Global decline in biodiversity in turn
will have direct negative impact on ecosystem functioning [2]. For instance, chronic N
deposition induces the loss of species [9,10], homogenization of ecosystems, and alters the
terrestrial carbon cycle [11]. Therefore, the relationship between plant diversity and produc-
tivity may be altered by N deposition in the terrestrial ecosystem. Some studies have found
that N enrichment changes the strength or directions of the relationships of species richness
(SR) with productivity and its stability [12]. In contrast, other studies have demonstrated
that nutrient addition had no effect on the pattern of the SR-productivity relationships in
grasslands [4] or an old field [13]. Apart from the studied ecosystem context, the level of N
enrichment may be a dominant driver of the abovementioned contrasting results. However,
the impact of simulating N deposition on the SR-productivity relationships is examined by
comparing one level of N deposition simulation treatment with a control (i.e., N addition vs.
without N addition) [8,14,15]. Few studies have been performed to test the SR-productivity
relationship with varying levels of N deposition. In addition, most of previous studies
about N deposition’s effect on the relationship between plant diversity and ecosystem
productivity considered SR as the sole taxonomic diversity (TD) metric [5,10], neglecting
how the underlying processes are mediated by different dimensions of plant diversity
metrics such as phylogenetic (PD) and functional diversity (FD). Exploring phylogenetic
community structure along the environmental gradient is vital for predicting ecosystem
processes under global change [16]. Thus, studying the evolutionary relationships between
plant species in natural communities under nutrient enrichment can reveal how global
change drivers may impact different lineages and functional groups differently based on
their shared evolutionary history and trait profile [16,17]. The trait-based approach is
expected to explain species fitness, niche differences, and the community productivity
response to global change [18]. Accordingly, integrating the phylogenetic and functional
dimensions of biodiversity in the diversity—productivity relationship study can provide ad-
ditional insights into biodiversity effects on ecosystem functioning rather than giving much
attention to only one biodiversity dimension exclusively [17]. However, there are relatively
few instances simultaneously assessing N deposition rates” impacts on the various facets of
biodiversity, which limits our comprehensive understanding of the effects of N deposition
on the plant diversity—productivity relationships. Therefore, it is essential to examine the
effect of N deposition rates on a comprehensive suite of diversity metrics beyond TD,
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which will enhance our ability to predict and gain a more complete understanding of the
consequences of N deposition in the face of global change.

Grasslands cover 40% of the land area in China [19]; however, nitrogen enrichment
has negatively affected plant diversity and the ability of grasslands to absorb carbon [11].
The temperate steppe grassland of Inner Mongolia supports plant diversity, but it is highly
sensitive to N deposition, overgrazing, and climate change [20]. A very limited number
of studies have been undertaken on the impact of N deposition on plant diversity and
productivity. Here, a manipulative field experiment with N addition rates was conducted
in 2003 to explore how plant community structure and ecosystem function change along
the N addition gradient in a temperate steppe of Inner Mongolia, Northern China. During
the growing seasons of 2015 and 2016, plant community composition and biomass pro-
duction were surveyed and plant functional traits such as plant maximum height and leaf
chlorophyll content were measured in this study. TD, PD, and FD were calculated based on
community investigation and functional traits measurement, and the mixed-effects model
was employed to test N addition rates’ effects on the three dimensions of plant diversity.
An analysis of covariance (ANCOVA) was used to examine the impact of N addition on
the relationship between multidimensional plant diversity and production. The objectives
of this study were to investigate the responses of TD, PD, and FD to N addition rates and
to explore whether N addition rates affect multidimensional plant diversity—production
relationships in the temperate steppe.

2. Materials and Methods
2.1. Study Site

The study was conducted in a typical semiarid temperate steppe (116°17' E, 42°02 N) of
Inner Mongolia in northern China. The study area is characterized by a temperate monsoon
climate, having irregular rainfall and drastic changes in temperature. The mean annual
temperature was 2.1 °C with the monthly mean temperature ranging from —17.5 °C in January
to 18.9 °C in July. The amount of precipitation during the growing season (May-October) was
290.0 and 369.4 mm in 2015 and 2016, respectively. The soil at the study site is categorized
as chestnut according to the Chinese soil classification system, and as Calsic-orthic Aridisol
according to the US soil Taxonomy classification. The soil texture composition consisted of
62.75 £ 0.04% sand, 20.30 %= 0.01% silt, and 16.95 =+ 0.01% clay [21].The soil available N content
at a depth 0-10 cm was 0.19 mg g~ ! and the pH value was 6.84 + 0.07. The dominant grass
species were Stipa krilovii and Leymus chinensis and the forb species were Artemisia frigida and
Potentilla acaulis in the temperate steppe grassland [22].

2.2. Experimental Design

An extensive experimental research project, involving N addition and mowing treat-
ments which simulated N deposition and grassland utilization, respectively, was launched
to explore community structure and ecosystem function in 2003 in the temperate steppe
of northern China. Eight blocks were established and each block consisted of eight plots
which were randomly assigned to eight levels of N addition (NO, N1, N2, N4, N8, N16,
N32, and N64 denote the N addition levels of 0, 1, 2, 4, 8, 16, 32, and 64 g N m—2 yr_l).
Each plot had dimensions of 15 m x 10 m with a 4 m buffer zone between any two adjacent
plots. Eight rates of N addition in the form of urea (CO(NHjy);) were added manually in
each plot during mid-July from 2003. Among the eight blocks, four of them were mowed,
and the clipped plants were moved out of the blocks at the end of each growing season
since the project initiated. As part of the project, this study was performed to examine the
effect of N addition rates on the relationships between multidimensional plant diversity
and biomass production during two mid-growing seasons (June, July, and August) in 2015
and 2016 in the four unmowed blocks (each block consisted of 8 N addition plots, for a
total of 32 plots).
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2.3. Community Survey and Plant Biomass Measurement

The community survey and biomass harvest were conducted during the middle of the
local growing season (i.e., June, July, and August) in 2015 and 2016. A 50 cm x 50 cm quadrat
was randomly placed in each plot for the vegetation survey, by placing the quadrats a minimum
of 50 cm away from the edges of the plot to prevent any edge effects. All the vascular plants in
each quadrat were identified to species level and recorded. The total coverage of individual
plant species (%) in each sampling quadrat was estimated visually based on their occurrence.
Based on cotyledon number and N fixation feature, all plant species were categorized into
3 different functional groups: forbs, grass, and legumes. Plant maximum height was calculated
by averaging the height of three tallest individuals of each species in each quadrat, which was
measured as height from ground level to the tip of the highest vegetative tissue using tapeline
(cm). Leaf chlorophyll content was also measured by averaging the chlorophyll content of
the same three individuals of each species using a Konica Minolta SPAD-502 Plus chlorophyll
meter before harvesting plant biomass. The SPAD value typically ranges from 0 to 99, with
higher values indicating a higher chlorophyll content. All aboveground plant tissues within
the quadrat were clipped at the soil surface and sorted based on species identity before being
put into different marked paper bags. Subsequently, belowground plant tissues and soil were
sampled with a soil auger (20 cm in length, 5 cm in diameter). Two soil cores were collected
and mixed for each quadrat. Plant roots and soil samples were separated from the mixed soil
using a 2 mm sieve. Plant roots were cleaned with water and placed into marked paper bags.
All plant samples were oven-dried at 70 °C for more than 48 h and weighed to determine AGB
and BGB for each quadrat. AGB was estimated using the dry mass of all aboveground living
plant tissues divided by the area of the quadrat, and BGB was evaluated with the dry mass of
belowground plant tissues divided by the area of the two soil cores. The sum of AGB and BGB
was used as a surrogate of ecosystem biomass production.

2.4. Plant Diversity Metrics

We have examined three dimensions of biodiversity including TD, PD, and FD. TD
included TO, T1, and T2 calculated using species-based Hill’s numbers (effective number of
species) and represented species richness, the Shannon’s taxonomic diversity index, and
the inverse Simpson diversity index, respectively, using the hillR package in R [23,24]. SR
represents the number of species per plot. Community PD including the net relatedness
index (NRI) and nearest taxon index (NTI) was estimated and a phylogenetic tree was
made using the Picante and ape packages in R [25,26]. The phylogenetic tree generated
from the dated molecular phylogeny of land plants was constructed by Zanne et al. [27].
The phylogenetic tree was extracted by using the V.PhyloMaker package in R [28]. The
phylogenetic tree counted 40 tips, 1 for each species in the vegetation matrix, and had
39 internal nodes (see Figure S2). The NRI had a standardized effect size of the mean
phylogenetic distance (MPD) of all species in the community [29]. The significance of
NRI for an individual quadrat was assessed by comparing the observed MPD to a null
distribution of MPD measured on 999 null communities. Thus, NRI is calculated as

NRI = —1 x (MPDrandomized — mean (MPDnull ))/ Sd(MPDrandomized)

where MPD;andomized and sdMPD,andomized represent the mean and standard deviation of
MPD estimated using 999 randomly sampled communities with given species diversity,
respectively. Positive NRI values indicate that coexisting taxa are more related to each
other than expected by chance (clustered dispersion) and negative NRI values indicate
that coexisting taxa are more distantly related to each other than expected by chance
(overdispersion) [29]. Similarly, NTI was calculated for each quadrat as alternate indicators
of the plant community evolutionary relationships, by comparing the observed mean
nearest taxon distance (MNTD) to a null distribution of MNTD measured on 999 null
communities to see if they deviated significantly from random chance. NTI is calculated as

NTI = -1 x (MNTDobs — Inean (MNTDrandomized ))Sd(MNTDrandomized )
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Two key functional traits were chosen based on the plant ecology strategy scheme
because they are known to be functionally important and closely related to ecosystem
functions (i.e., plant height and leaf chlorophyll content). These traits are also known to
influence plants’ response to N addition [30]. The functional dispersion (FDis) of traits (the
distribution of traits within a community) refers to the variation in functional trait values
among species, which describes the mean distance in the trait space of individual species
to the centroid of all species [31] calculated using both plant height and leaf chlorophyll
content (i.e., FDis-Height and FDis-Chlorophyll content). In order to determine how plant
functional traits responded to the experimental treatments at the community level, the
community-weighted mean (CWM) value of each functional trait (functional composition
of the community) was calculated using the plot level mean value of the trait weighted
by the abundance of each species within the community. FD was computed using the
dbFD function in FD package [32]. To avoid the analysis of highly correlated variables, we
reduced the set of diversity metrics to SR, NRI, FDis-Height, FDis-Chlorophyll, CWMpgeight,
and CWMcpjorophynt, which were strongly correlated to other diversity metrics (T1, T2, NTI,
MPD, and MNTD) (Figure S2). Moreover, phylogenetic signals in functional traits (height
and chlorophyll content) were tested following Pagel’s A statistics [33] using the phylosig
function in the phytools package to assess whether traits were phylogenetically conserved
(i.e., to assess whether more closely related species have more similar functional traits)
because the evolutionary relatedness of species may have an influence on the values of
their traits. Thus, phylogenetic signals could indicate a tendency for closely related species
to display similar trait values as a consequence of their phylogenetic proximity.

2.5. Statistical Analysis

The Shapiro-Wilk normality test was employed to examine the normality of the
data before statistical modeling. Biomass production was log transformed because the
data showed strong positive skewness and to meet the assumptions of normality and
heteroscedasticity. Correlations between diversity metrics and biomass production were
assessed with Pearson’s correlation coefficients before modeling (Figure S1; Table S2)
to test the relationship between plant diversity and biomass production. We found
strong correlations among the set of predictor variables (between SR and T1, T2, and PD)
(Figure S1). Therefore, T1, T2, and PD were eliminated from further analysis. To explore
the effect of N addition with time on the diversity metrics and biomass production, a linear
mixed-effects model was used to assess the significance of the fixed effects using Type I
analysis of variance (ANOVA) with N addition and time as fixed factors and plots set as
the random factor. In the mixed-effects model, diversity metrics and biomass production
were the response variables to N fertilizer over time and showed the interactive effect
of N addition and time. The mixed-effect models were fitted using the Imer function in
the Ime4 package [34]. Data were fitted to the models using the maximum likelihood
to generate unbiased estimates of the model parameters. The homogeneity of variance
among the means of response variables across treatment levels was visually examined
using quantile—quantile plots of residuals for all models’ normality to assess whether model
assumptions were met. A post hoc test (Tukey multiple comparison of treatment means
across measuring times at a significance level of p < 0.05) was performed using the emmeans
function in the emmeans package, to test the effect of various rates of N addition on plant
diversity indices and biomass production. Moreover, regression analysis was employed to
test the effect of the N addition rate on plant biomass production.

To test the effect of N addition on the pattern of the relationship between diversity
metrics and biomass production, an analysis of covariance (ANCOVA) with the generalized
additive model (GAM), generalized linear model (GLM), and generalized linear mixed
model (GLMM) was implemented using the gam function in the mgcv package [35] and
the stats and glmer function in the Ime4 package in R, respectively. In the GAM, GLM, and
GLMM, N addition was treated as categorical factor and diversity indices were treated as
covariates, while plot was included as a random factor. Both linear and quadratic forms



Biology 2024, 13, 554

Biomass production (g m?)

of the covariates were included in the models. Diversity metrics in the GAM model were
represented as a penalized regression spline (smoother) to detect nonlinear relationships,
while N addition and measuring time were categorical factors. Optimal model selection
was performed based on the lowest Akaike Information Criterion value (AIC: the lower
the AIC value, the better the model). The final model was selected by simplifying the
full GLM, GAM, and GLMM models in a stepwise deletion procedure using AAIC > 3 as
the criterion for term deletion [36], following the procedure of Crawley [37]. GLM, GAM,
and GLMM models were fitted with a Gaussian error distribution as the response was a
continuous variable. We then used locally weighted regression smoothing with the lowess
(scatterplot smoothing) function following model fitting to examine multidimensional
plant diversity-biomass production relationships. All statistical analyses were performed
using R 4.3.1.

3. Results
3.1. Biomass Production along the N Addition Gradient

The range of production across all plots and measuring times was from 301.76 to
5985.30 g m~2 along the N addition gradient (Figure 1). The lowest production was
observed in the NO plot in June 2015, while the highest production was observed at the
rate of 64 g N m 2 yr~! in August 2016. When averaged for each treatment, production
exhibited a nonlinear response pattern along the experimental N gradient (Figure 2). That
is, biomass production initially increased and then decreased, with saturation thresholds
appearing at approximately 47 g N m~2 yr~!. Maximum production (1909.91 g m—2) was
calculated from the nonlinear regression at the N addition rate of 47 g N m~2 yr~—! in the
temperate steppe (Figure 2). In this study, both the N addition and measuring time had a
significant effect on production (both p < 0.001; Table 1). Compared with that in the NO
plots, production was increased by 74.9, 104.8, and 102.4% in the N16, N32, and N64 plots,
respectively (all p < 0.01; Figure 1).
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Figure 1. Effect of N addition rate on plant biomass production (mean + SE) during the growing
seasons of 2015 and 2016 in a temperate steppe of Inner Mongolia, northern China (n = 192; Error
bars represent the standard error of the mean). NO, N1, N2, N4, N8, N16, N32, and N64 represent
nitrogen fertilizer rates of 0, 1, 2, 4, 8, 16, 32, and 64 g N m—2 yrfl, respectively. Asterisks indicate
significant differences between the treatment and control groups * p < 0.05, ** p < 0.01, *** p < 0.001.
Different letters indicate significant differences between measuring times (p < 0.05).
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Figure 2. Response of biomass production to N addition rate in a temperate steppe of Inner Mongolia,
northern China. Maximum biomass production (i.e., 1909.91 g m~2) was calculated from the second-
degree quadratic regression at the rate of 47 g N m~—2 yr~!. Each data point represents the mean
(£SE) biomass production across all measuring times. The vertical line represents the point where
maximum biomass production was calculated from second-degree quadratic regression. Error bars
show the mean + 95% confidence intervals.

Table 1. Summary (F-values) of mixed —effects model for the effects of nitrogen (N), time, and their
interaction on plant diversity indices (species richness, SR; net relatedness index, NRI; functional di-
versity of plant height, FDis—Height; functional diversity of chlorophyll content, FDis—Chlorophyll;
community —weighted mean of plant height, CWMpjgp; and community —weighted mean of chloro-
phyll content, CWMchiorophynt) and biomass production in a temperate steppe of Inner Mongolia,
northern China.

Source df SR NRI CWMHeight CWMchiorophylt ~ FDis-Height ~ FDis-Chlorophyll Production
N 7 32.79 *** 4.08*  11.66 *** 15.38 *** 4.49 ** 5.36 *** 8.66 ***
Time 5 1.45 3.04%  44.23 % 24.17 *** 4.18** 7.70 *** 15.56 ***

N x Time 35 1.06 1.07 211 ** 1.74* 0.87 1.78* 0.97

Note: Statistical significance is indicated as * p < 0.05, ** p < 0.01, *** p < 0.001, df, degree of freedom.

3.2. Multiple Plant Diversity along the N Addition Gradient

Species richness across all plots and measuring times varied from 1 to 17 along
the N addition gradient in this study. The lowest SR occurred at the N64 plot in June
2015 and the highest SR was recorded at the N2 plot in August 2016. The significant
proportional loss of SR relative to the control was 31.1, 43.3, 55.2, 64.1, and 73.7% under
N4, N8, N16, N32, and N64, respectively (all p < 0.01; Figure 3a). NRI changed from
positive (phylogenetic clustering) to negative (phylogenetic overdispersion) along the N
addition gradient (Figure 3b). The relative change in NRI was —3.2 and —2.30 under N32
and N64 compared with that under NO, respectively (both p < 0.05 Figure 3b). The lowest
FDis-Height and FDis-Chlorophyll (both 0.01) were observed in the N64 plots in August
2016 while the highest FDis-Height (1.95) and FDis-Chlorophyll (2.56) were observed in
the N2 and N1 plots in July 2016, respectively (Figure 3c,d). FDis-Height was significantly
decreased by 62.11 and 72.6% under N8 and N16, respectively (both p < 0.05; Figure 3c).
FDis-Chlorophyll was reduced by 60.2 and 68.7% under N16 and N64, respectively (both
p < 0.05; Figure 3d). The highest (63.30) and lowest (2.12) CWMpgjgnt were observed under
N64 in August 2016 and NO in June 2015, respectively. The highest (55.13) and lowest (0.53)
CWMchiorophyn Occurred in the N64 plot in June 2015 and NO plot in July 2016, respectively.
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CWMpeight and CWMchorophyll Were significantly affected by N addition and measuring
time as well as the interaction between N addition and measuring time (all p < 0.05; Table 1).
Compared with NO, CWMpgegn: was enhanced by 75.20 and 137.04% under N32 and N64,
respectively (both p < 0.05; Figure 3e). CWMcpjorophyn Was stimulated by 28.1 and 111.6%
under N16 and N64, respectively (both p < 0.05; Figure 3f). Phylogenetic signal Pagel’s A
values were 0.63 and 0.41 for height and chlorophyll content, respectively, suggesting that
closely related species did not show similar trait values and the phylogenetic niche related
to these traits was not conserved during evolution (Figure S3). Furthermore, based on the
plants’ relative percent cover, Artemisia_frigida, Potentilla acaulis, and Potentilla bifurca were
dominant forbs in the low N plots (i.e., in the control and 1 g N yr~1!), whereas Leymus
chinensis and Stipa krylovii were dominant grass species in the 32 and 64 g N yr~! plots

(Figure S4; Table S1).
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Figure 3. Effect of N addition gradient on multidimensional plant diversity metrics (mean + SE)
(Tukey pairwise tests on the difference of plant diversity indices) including species richness (SR; (a)), net
relatedness index (NRT; (b)), functional diversity of plant height (FDis—Height; (c), functional diversity of
chlorophyll content (FDis—Chlorophyll; (d)), community —weighted mean of plant height (CWMpeignt
(cm); (e), and community —weighted mean of chlorophyll content (CWMpiorophy1; () in a temperate
steppe of Inner Mongolia, northern China. NO, N1, N2, N4, N8, N16, N32, and N64 represent nitrogen
fertilizer rates of 0, 1, 2, 4, 8, 16,32, and 64 g N m 2 yrfl, respectively. Error bars represent standard error
of the mean (1 = 192). Asterisks indicate significant differences between the treatment and control groups
*p <0.05,* p <0.01, ** p < 0.001. Different letters indicate significant differences between measuring
times (p < 0.05).
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3.3. Relationship between Plant Diversity and Biomass Production along the N Addition Gradient

The generalized additive model was retained for describing the impact of N addi-
tion on the relationships between plant diversity indices and biomass production based
on the lowest AIC (Table S5). The GAM model retained for interpretation, while the
GLM and GLMM models were not retained for interpretation due to high model AIC
(Tables S3 and S4). The GAM model revealed that N addition had no significant effect on
the relationships of SR and NRI with production (Table 2). Both SR and NRI were negatively
related to production across N addition rates in this study (Figure 4a,b). N addition did
not affect the correlation between FDis—Height and production, but it significantly altered
the relationships of FDis—Chlorophyll, CWMpejght, and CWMcpjorophyn With production
(all p < 0.05, adjusted R2 = 0.53, 0.49, 0.64, respectively; Table 2). FDis—Chloropyll was
negatively associated with production (p < 0.01; Figure 4d; Table 2), whereas CWMpgeight
and CWMchiorophyn €xhibited positive effects on production (Figure 4e.f).

SR NRI FDis—Height
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Figure 4. Relationships between biomass production and plant diversity indices including species
richness (SR; (a)), net relatedness index (NRI; (b)), functional diversity of plant height (FDis—Height;
(), functional diversity of chlorophyll content (FDis-Chlorophyll; (d)), community —weighted mean
of plant height (CWMpgignt; (e)), and community —weighted mean of leaf chlorophyll content
(CWMchiorophyl; (f)) across eight levels of nitrogen (N) addition during the growing season in
a temperate steppe of Inner Mongolia, northern China. Solid lines are fitted Lowess-smoothed curves.
Each data point represents the measured value of individual plots for each measuring time (1 = 192).

12



Biology 2024, 13, 554

Table 2. Analysis of deviance results for the generalized additive model (GAM) testing the responses
of biomass production to species richness (SR), net relatedness index (NRI), functional diversity
of plant height (FDis—Height), functional diversity of chlorophyll content (FDis—Chlorophyll),
community —weighted mean of plant height (CWMpgjght), and community —weighted mean of
chlorophyll content (CWMcpiorophylt) across eight levels of nitrogen (N) addition in a temperate
steppe of Inner Mongolia, northern China. CWMpgejght % N: interactive effects of CWMpejght and
N addition; qFDis—Height and qCWMjejgp: second degree of the quadratic term of FDis—Height
and CWMyignt, respectively; CWMpejgne X N: interactive effects of CWMpgjgp: and nitrogen;
CWMCchorophyn X Time: interactive effects of CWMcpjorophyn and measuring times; N: various
rates of nitrogen fertilizer addition; Time: measuring time (i.e., repeated measures in June, July, and
August of 2015 and 2016); N x Time: interactive effects of N and time retained in the model.

Response Term Statistics
Biomass Taxonomic diversity df F p AIC
Production s(SR) 1 0.95 0.32 177.22
s(qSR) 1 2.27 0.13
N 7 2.49 <0.05
Time 5 16.27 <0.001
Phylogenetic pattern df F p AIC
s(NRI) 1 0.27 0.61 179.17
N 7 7.74 <0.001
Time 5 15.15 <0.001
Functional Diversity df F p
s(FDis-Height) 1 1.68 0.90 178.80
s(qFDis-Height) 1 1.75 0.18
N 7 7.10 <0.001
Time 5 15.72 <0.001
s(FDis-Chlorophyll) 1 5.26 <0.05 170.20
FDis-Chlorophyll x N 7 3.28 <0.01
N 7 4.72 <0.001
Time 5 15.00 <0.001
Functional composition df F p AlC
S(CWMpeight) 1 5.17 0.05 183.57
$(QCWMHeight) 1 4.84 <0.05
CWMpeight X N 7 2.50 <0.05
qCWMpgeight X N 7 2.27 <0.05
N 7 3.21 <0.01
Time 5 14.63 <0.001
S(CWMChlorophyll) 1 32.65 <0.001 141.64
CWMChlorophyll x N 5 8.35 <0.001
N 7 2.22 <0.05
Time 5 9.32 <0.001
N x Time 35 2.33 <0.001

Significant effects (p < 0.05) are indicated in bold.

4. Discussion
4.1. N Deposition Affects Biomass Production

The current study shows that biomass production initially increases along the N
addition gradient until the optimum is reached and then slowly decreases with the N
addition rate, indicating that the positive effect of N deposition on biomass production
may diminish with a higher rate of N addition when N loading surpasses the N demand of
plants. Previous studies have documented that after long-term chronic N inputs, N supply
may exceed plant and microbial requirements, resulting in N saturation [9]. Numerous
studies which only have two N addition rates (i.e., with N addition at the level of 6 or

13



Biology 2024, 13, 554

10 g m~2 yr~! and without N addition) have demonstrated that N addition increases
biomass production [8,14,15]. However, in the present study under a low-to-moderate
N addition rate (<47 g N m~2), biomass production increases, which might partly be
attributed to the enhanced size of individual plants such as plant height and leaf chloro-
phyll content of dominant species (i.e., CWM plant height and leaf chlorophyll content)
in line with previous studies [14,38]. This indicates that plant growth in this ecosystem
was limited by nitrogen. Our study site in Inner Mongolia’s steppe soil had low N content
(0.19 mg g~1), resulting in plant growth being limited by the low soil N content, as re-
ported in a previous study [22]. Plant species that require higher nutrient levels could
experience growth inhibition if they face prolonged nutrient deficiencies. This nutrient
deficiency over time will limit the overall biomass production of those plant species [15].
Earlier studies showed that leaf chlorophyll content and plant height have a substantial
impact on grassland productivity [39], as plant height significantly influences how plant
communities respond to the addition of N by increasing light interception [30]. This could
be attributed to the increased production of the dominant grasses offsetting the negative
effects of species loss on biomass production. Hence, the dominant species, as controllers of
ecosystem function, can provide short-term resistance to reductions in biomass production
when species loss is nonrandom due to N deposition [6]. This indicates that N addition
stimulates biomass production and promotes the turnover of species composition by fa-
voring a few opportunistic species [40], which then neutralize the species loss effect on
production. When the N enrichment rate approximately reaches 47 ¢ N m~2 yr~!, biomass
production reaches its maximum, indicating that N was a limiting factor at rates below
47 ¢ N'm~2 yr~!. It may be that N addition does lead to increased production but only up
to a point where plants no longer efficiently utilize the added N. The reason for this pattern
is likely due to the decrease in SR and FD because previous studies have shown that higher
SR and variation in plant functional strategies increase biomass production [41,42]. Higher
N addition rates promote competitive stress in the plant communities, as species have no
similar competitive or stress-tolerant capability, as such, this result is partly in support of
the stress gradient hypothesis, which suggests that the positive effect of biodiversity on
ecosystem functioning can be enhanced when the environment experiences moderate levels
of stress. However, if the stress levels increase beyond a certain point, the relationship
between biodiversity and ecosystem functioning tends to diminish [43]. This indicates that
traits related to resource acquisition, such as height and chlorophyll content, are no longer
capable of offsetting the decline in biomass production resulting from the loss of species
following N enrichment.

In addition, changes in community composition as a result of high N supply may lead
to the dominance of a small number of species, which may limit biomass production [44].
Meanwhile, under a higher rate of N addition (>47 g m~2 yr~!), biomass production
declined, likely due to light competition and reduction in vegetation light penetration
(the portion of light reaching the ground surface) [45], leading to species loss, specifically
the elimination of highly productive forb species such as Artemisia frigida and Potentilla
acaulis [20]. This shows that the negative effect of N addition on SR gradually dominates
with increasing biomass production. The results suggest that higher N availability can
offset the positive effects of diversity on biomass production. Nitrogen addition to grass-
lands increases the dominance of nitrogen-demanding grasses, which then suppress other
slow-growing plant species, resulting in decreased productivity [6]. The results indicate
that higher-rate N addition would be weaken commonly observed positive diversity—
productivity relationships. In addition, the N—induced decline in biomass production at
higher-rate N addition might be attributed to the loss of plant species due to the direct
toxicity of N, depletion of soil nutrients like calcium, potassium, and phosphorus, lower
soil pH and soil CEC, and increase in Mn ion toxicity [6,9]. Thus, this result suggests
that competition and an increase in litter accumulation can reduce seedling establishment
following a higher rate of N addition leading to light and water limitation [9], resulting in
a greater reduction in plant diversity and plant biomass [40]. The fact that N enrichment
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may make the water limitation in temperate steppe grasslands worse [44] may also be a
contributing factor to the decreased biomass production following high rates of N addition.
The increased biomass production resulting from N addition can lead to higher plant water
demand for transpiration and metabolism [42]. Consequently, our findings confirm that a
low rate of N addition induces a trade-off between plant diversity and biomass production,
but higher rates of N addition decrease both plant diversity and biomass production in
a temperate steppe of Inner Mongolia. This finding is consistent with research studies
reporting that diversity and productivity are interdependent [3]: resource supply drives
diversity, and diversity drives resource usage, which then influence biomass production
simultaneously. In addition, the contrasting effect of N deposition on FD and biomass
production, with the former decreasing and the latter increasing with an increasing N rate,
might be attributable to intraspecific trait variation promoted by N addition, which was
observed in previous studies [38,46]. Given the positive effect of N addition on CWMpgeight
and CWMcniorophyn (community functional trait composition) and the negative effect of
N addition on FDis-Height and FDis-Chlorophyll content with biomass production, our
results likely reflect that N addition promotes the growth of highly productive species
at the expense of short-statured and slow-growing species. Consequently, the biomass
production under multiple N additions in a temperate steppe is determined by the func-
tionally dominant species that attained the largest biomass (i.e., dominance effect). This is
consistent with the results of the positive links between CWM of plant traits and biomass
production under nutrient enrichment, emphasizing that the functional traits related to
resource acquisition (plant height and leaf chlorophyll content) may play a significant role
in response to N addition, driving the plant diversity —biomass production relationship in
the temperate steppe. Thus, we found support for the mass ratio hypothesis [47], which
indicates that biomass production is primarily determined by the functional traits of the
dominant species instead of variation in ecological strategies, reflecting from the fact that a
community composed of species with a high trait value could increase biomass production.
That is, the high biomass production under low N addition rates would depend on the
functional traits of the dominant grass species [48]. Tatarko et al. [38] also observed that
dominant species’ traits can play a significant role in driving grassland primary biomass
production under N enrichment. In part accordance with our expectations, this may be a
result of intense interspecific competition following N addition, indicating that the addition
of N shifted few species toward extreme trait values [48]. Therefore, this finding suggests
that, to reduce light competition resulting from N enrichment and improve biomass produc-
tion in the grassland community of inner Mongolia, moderate mowing or grazing that can
remove or open up the litter layer is vital to enhance seedling establishment and maintain
biodiversity and production, particularly in the plant communities with abundant litter.

4.2. Effect of N Addition Rate on Multidimensional Plant Diversity

The present study supports previous findings showing that species richness decreases
under N addition [46,49]. The decline in species richness may be attributed to size asym-
metry light competition and changes in underground processes, such as soil acidity and
the direct toxicity of N, which impairs electron transport in chloroplasts [6,9,45]. Addi-
tionally, this decrease may also be partially driven by nutrient imbalance in plants [6].
In general, according to a global meta-analysis [50], species loss induced by elevated N
might be explained by two aspects. On one hand, the accumulation of a large amount of
standing litter and higher live biomass production increases size asymmetry competition
for light [45,51]. Previous nutrient addition tests have demonstrated that under high N
supplies, plants” competition shifts from soil N to light [20,52], which may also be a factor
in the loss of species along the N gradient by decreasing the proportion of photosynthet-
ically active radiation transmitted through the canopy to the ground surface [40]. On
the other hand, N deposition alters the soil chemistry, resulting in the limitation of basic
cations such as calcium, potassium, and phosphorus in the soil [30], which can cause
soil acidification and ammonium toxicity when the magnitude of N input surpasses the
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plants’ ability to utilize it [7,53], thereby reducing SR [10,49] and altering the composition
of the soil microbial community [9]. In the Inner Mongolia temperate steppe, it has been
reported that N addition decreased forb species due to the accumulation of inorganic
N, a decrease in soil pH, and an increase in toxic metallic ion concentrations such as
Mn and Al, resulting in the depletion of basic cations such as Ca, Mg, and K [54]. The
increase in CWMpgejgnt along the gradient of N addition may have stimulated rising com-
petition for light among coexisting species. Species that are short-statured, leguminous,
locally rare, and capable of tolerating low nutrient levels are likely to be especially sus-
ceptible to loss due to competitive exclusion following N-induced increases in biomass
production [8,55]. Meanwhile, our results demonstrated a considerable variation in the
response pattern of plants from different functional groups following varying rates of N ad-
dition, which was consistent with previous findings [22,56]. The higher rate of N addition
(32 g m~2 N yr—2 and above) leading to the loss of dominant forbs such as Artemisia frigida
and Potentilla acaulis (on average, made up in the order of 35% and 20% of the relative
percent cover, respectively) in the control (N0) and N1 (1 g N yr~!) plots, respectively. In
the higher-rate treatments (i.e., over 16 g N yr~!), perennial rhizomatous grasses such as
Leymus chinensis (a perennial rhizomatous clonal grass; on average, comprises 65% relative
percent cover) dominated, which to a large extent supported the previous results [20]. This
indicates that there is variability in the responses of different functional groups of plants
to nutrient addition. This finding is consistent with previous studies, which have found
that forb species in a temperate steppe of Inner Mongolia grassland are more sensitive to
N—induced stress, whereas grass such as Leymus chinensis is positively associated with
N addition [44,54]. Grass could have a higher nitrogen utilization efficiency compared
to forbs [56]. As such, grass species outcompete forbs by growing at a faster rate and
exploiting light more efficiently, which hinders the growth of forbs [45]. Similarly, Song
etal. [20] observed that higher rates of N addition promote the dominance of grasses, which
outcompete forbs in a temperate steppe ecosystem. Although, a study conducted by De-
Malach et al. [45] demonstrated a decrease in forb diversity following N enrichment in the
Mediterranean grassland. This result suggests that N—induced changes in plant diversity
are species-specific, possibly due to the difference in the sensitivity of species to nutrient
addition and resource utilization strategies [38], and in turn, fast-growing and short-lived
forb species are more sensitive to N deposition [19]. This might be related to, at least in
part, the relatively large rhizosheath size on grass species providing resistance against N
induced stress compared to forbs. More recently, it has been reported that rhizosheath size
plays a substantial role in grass relative to forbs in providing resistance against N induced
metal stress by releasing protective compounds (such as organic acids and mucilaginous
compounds), which in turn regulate the competitive advantage for grass at the cost of forbs
by colonizing the belowground habitat [49]. In addition, clonal plants (such as L. chinensis
in our experiment) have competitive advantages over forbs in acquiring soil nutrients and
light, due to clones and greater root biomass [54]. Thus, N regulates the growth of grass to
become taller and possess a dominant canopy. This allows the grass to intercept available
light and increase resource use efficiency such as light. This result provides support for
the light asymmetry hypothesis, which posits that tall individuals receive a higher amount
of light per unit biomass than shorter individuals [45], which, in turn, results in the loss
of forb species in grasslands [30,56]. Another important process, beside light competition,
that can likely lead to species loss related to N addition is that high levels of soil resources
reduce the niche dimension [40,44], which in turn favors a few dominant plant species
by affecting competitive balance among species owing to a reduction in the number of
limiting resources. Our study in a temperate steppe of Inner Mongolia revealed loss of
species along the N addition gradient probably resulting from both light competition and
N-induced change in soil chemical properties [49].

In the present study, the shifting of phylogenetic diversity from phylogenetic clustering
to overdispersion (i.e., high phylogenetic dissimilarity) owing to elevated N fertilization
is consistent with previous findings in a semi-natural plant community [57]. However,
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given that closely related species are more likely to share similar traits (i.e., have a high
phylogenetic signal), our findings are in contrast to the prediction that closely related species
may exhibit similar sensitivity or resistance to a particular perturbation [58]. However,
our findings are congruent with the theory that more closely related species are less likely
to coexist, which means that closely related species compete more intensely for resources
such as light [29], resulting in phylogenetic overdispersion [16]. A possible reason is that
some functionally important and productive clades outcompeted other short-statured
groups resulting in species loss under N enrichment, which may lead to phylogenetic
dissimilarity among coexisting plants. This suggests that plant species that are resilient to
stress caused by N are not limited to a certain plant family and may have evolved separately
in different lineages [57]. Thus, competition might be one possible reason and our work
provides evidence for this phenomenon. N addition may act as an environmental filter on
ecologically similar non-related species, which might cause phylogenetic overdispersion
(i.e., convergent evolution) by filtering lineages based on their functional traits [59]. This
suggests that light competition among coexisting species under N enrichment and N
toxicity might be a potential cause of phylogenetic overdispersion, as it increases the
likelihood of extinction of short-statured and rare species while promoting the coexistence
of multiple distinct lineages [16]. Consequently, N—induced competition among closely
related species leads to favoring the coexistence of distantly related species with distinct
ecological strategies [57]. Plant height and chlorophyll content were used in the current
investigation but failed to capture a strong phylogenetic signal, indicating that these traits
may have experienced phylogenetically convergent evolution throughout the course of
evolutionary time [58]. This suggests the possibility that the management strategies to
conserve plant diversity in the temperate steppe of Inner Mongolia, such as sowing seeds
of phylogenetically distantly related species (particularly grass species), could be crucial to
maintain plant diversity in the face of N deposition.

Functional diversity decreased along the N addition gradient in the current study,
indicating that the nutrient gradient in grassland affects the functional structure of commu-
nities [59]. For instance, Xu et al. [41] observed that biotic processes such as competition
can produce trait divergence by excluding similar species (i.e., promoting niche difference).
This implies that dominant plants tend to eliminate neighboring short-statured plants
that have similar traits. N addition may lead to the emergence of new environmental
conditions that favor the selection of new traits, while disadvantaging the common species
and accelerating rates of competitive exclusion [45,55]. In turn, nutrient addition can pro-
mote the dominance of species with similar functional traits that have less overlap in their
use of resources and facilitate the coexistence of species that share similar traits, leading
to a more homogeneous plant community. One possible reason for this phenomenon is
that N-induced competition for light affects plant functional traits that are related to light
acquisition, such as the height of dominant species. This increase in height then leads to a
reduction in functional diversity [51], by causing the elimination of short-statured species.
Consequently, the overall FD of the plant community becomes low. As such, the potential
factor for the loss of species might be linked to the differences in resource acquisition and
resource storage strategies among species (grass vs. forbs) [44]. These results are similar
to those of other studies [19,57], which indicate that N fertilization enhances competitive
response traits such as CWMpgight, which may accelerate light competition intensification
among coexisting plant species. Plant height is a key functional trait that affects the compet-
itive ability for light. Plants with a short stature and resource storage strategy particularly
suffer more from reduced light availability [9]. However, our results contradicted some
other previous findings [60] that N addition had no direct and significant effect on FD and
PD in alpine meadow and alpine steppe grassland. The discrepancy may be related to
many reasons, including the difference in annual mean temperature, plant species com-
position, different forms of N added, and soil properties between alpine grasslands and
temperate steppe [42]. The mean annual temperature is higher in the temperate steppe
compared to the alpine meadow and alpine steppe, as higher temperature promotes the
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uptake of soil N by plants [55]. Moreover, N addition increases CWMchiorophyn, which is
an important pigment for photosynthesis [39]. For instance, a previous study found that
N addition increases CWMchniorophyn by 34% (i.e., 111 mg cm—2) [38], compared with the
control. Through this understanding, the results further confirmed that the dominating
species with a resource-acquisitive strategy was a mediator of the effects of N on plant di-
versity [53]. These results suggest that nutrient availability increase plant strategy towards
resource acquisition [38]. Therefore, future management that focuses on locally susceptible
species to N-induced stress, particularly short-statured forbs, will be vital to maintain the
highest levels of biodiversity in the temperate steppe.

4.3. Effect of N Addition Rate on the Relationship between Multidimensional Plant Diversity and
Biomass Production

Our results have demonstrated that N addition did not significantly alter the strength
or direction of the relationship of SR, NRI, and FDis-Height with biomass production,
despite the fact that N addition significantly decreases the aforementioned diversity in-
dices. It is observed that there is an inverse relationship between the increase in biomass
production caused by N addition and the decline in plant diversity. In other words, as the
biomass production increases, the plant diversity decreases, and vice versa following N
enrichment, which agrees with the results of previous global syntheses [4,52]. The direction
and strength of the relationship between SR and biomass production in response to nutrient
addition varies between contexts, systems, and sites [40]. The present study revealed that
the plant community tends to be phylogenetically overdispersed at higher N addition rates,
implying that species are distantly related, but N addition did not change the negative
correlation between NRI and biomass production. A possible reason could be that elevated
N may exacerbate intense light competition between closely related species, which may
have increased the likelihood of the coexistence of distantly related species that are more
tolerant of elevated N. The functional dispersion of leaf Chlorophyll content exhibited a
negative relationship with biomass production under the N addition gradient. This may
result from the N-induced changes in functional diversity, which decrease resource use
efficiency such as light [51], presumably reflecting the effect of functional filtering, which
in turn reduces biomass production by inhibiting the diversity of traits and decreasing the
resource use efficiencies owing to declining diverse nutrient-uptake strategies during the
different periods of growing [4,30]. Our findings showed that functional trait diversity
in response to N enrichment has a negative relationship with biomass production. This
indicates that the deposition of N leads to a decrease in trait spaces, which in turn influences
the link between functional diversity and biomass production in the temperate steppe
grassland. Plant communities have species which possess distinct traits, utilize diverse
resources, and maintain biomass production [53], but the enrichment of varying rates of N
promotes the growth of plant species that have similar functional strategies [59]. However,
these species may have low efficiency in utilizing resources, which leads to a decrease in
biomass production [30]. In accordance, numerous research studies have demonstrated that
in long-term grassland experiments, nitrogen enrichment usually increases grassland pro-
ductivity while decreasing plant diversity [5,15,51], suggesting that the generally observed
positive correlation between diversity and biomass production would be diminished with
N addition [40,52]. Taken together, our findings in a temperate steppe of Inner Mongo-
lia demonstrate that elevated N alters the composition and structure of the community.
Consequently, this could counteract the positive correlation between plant diversity and
biomass production (i.e., biomass production was influenced by community structure),
consistent with prior investigations [20,44]. Our findings indicate that the addition of
nitrogen decreases SR, NRI, and FDis-Height, and biomass production was also negatively
associated with the aforementioned facets of diversity metrics. However, the CWMs of
plant height and leaf chlorophyll content were significantly positively related to biomass
production under N addition. The results suggest the dampening of positive interactions
among the grassland species and an increasing contribution of a few dominant species
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to a higher biomass production in response to increasing N accumulation. Measuring
only two functional traits may have been a limitation of our study because the effect of
functional diversity on the relationship between plant diversity and biomass production
depends on which traits are included in the analysis [53]. Moreover, we only conducted
this experiment for two years. For a comprehensive understanding of the impact of N
addition on biodiversity—productivity relationships, a longer time series of data is required.
The response of the plant diversity—production relationship to N deposition varies with
the rate and duration of N addition [7], and these limitations may introduce bias into the
results due to the relatively short duration of the study:.

5. Conclusions

In this study, N deposition significantly altered multidimensional plant diversity and
ecosystem production in the temperate steppe. Forbs exhibited more sensitive responses
to N deposition-induced stress than grass, leading to a decline in SR along the N depo-
sition gradient. The phylogenetic structure changed from clustering to overdispersion
with N deposition rates by filtering out lineages with similar functional traits. Plant height
and leaf chlorophyll content-based functional dispersion reduced, but CWMy;gp,: and
CWDMchiorophyn increased with N deposition rates, implying that N deposition—induced
stress favored tall species with high leaf chlorophyll content in the temperate steppe.
Ecosystem production increased, reached the maximum, and then decreased with N de-
position rates. However, N deposition had no impact on the relationships of SR and PD
with production, but it affected the relationships of FDis-Chlorophyll, CWMpeight, and
CWDMchiorophyt With production. The findings highlight the importance of a trait-based
approach for understanding the multidimensional biodiversity—ecosystem function in
grassland ecosystems under N deposition scenarios. For a better understanding of the N
deposition effect on ecosystem structure and function, long-term manipulative experiments
incorporating multiple functional traits, environmental factors, and soil microbial analysis
are desirable. Based on the findings, to mitigate N—induced species loss and improve
ecosystem production in the grassland of Inner Mongolia, moderate mowing or grazing
may be desirable to facilitate seedling establishment and maintain plant diversity. Addition-
ally, it is recommended to establish a critical limit for N deposition in order to implement
the idea of critical loads. This limit would help to restrict the amount of N load and mitigate
its subsequent negative effects on both biodiversity and ecosystem production.
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Simple Summary: There are various factors linked to global change that possess the capacity to
alter the interannual variability in seed production. Our current knowledge regarding the impact of
nitrogen availability on the year-to-year fluctuations in seed production patterns of perennial plants
is limited. A multiyear field experiment was undertaken to examine the impact of nitrogen addition
on the interannual seed production patterns of perennial plants. The introduction of element N had a
significant impact on the preservation of aboveground biomass in plants, as well as the stability of
flower traits. Consequently, this factor had an impact on the frequency of pollinator preference and
the annual seed output. The findings of our study indicate that increasing the nitrogen content in
the soil has the potential to alter the natural fluctuations in seed production that occur over different
years. The results of this study possess the capacity to improve our understanding of the effects of
nitrogen supplementation on the reproductive success of perennial herbaceous plants, as well as the
fundamental mechanisms driving biodiversity in the face of worldwide environmental shifts.

Abstract: The variability observed in the annual seed production of perennial plants can be seen
as an indication of changes in the allocation of resources between growth and reproduction, which
can be attributed to fluctuations in the environment. However, a significant knowledge gap exists
concerning the impacts of nitrogen addition on the interannual seed production patterns of perennial
plants. We hypothesized that the addition of nitrogen would impact the annual variations in the seed
production of perennial plants, ultimately affecting their overall reproductive efficiency. A multiyear
field experiment was conducted to investigate the effects of varying nitrogen supply levels (e.g., 0, 4,
and 8 kg N ha~1 yr*1 of NO, N4, and N8) on vegetative and floral traits, pollinator visitation rates,
and seed traits over a period of four consecutive years. The results showed that the NO treatment
exhibited the highest levels of seed production and reproductive efficiency within the initial two
years. In contrast, the N4 treatment displayed its highest level of performance in these metrics in
the second and third years, whereas the N8 treatment showcased its most favorable outcomes in the
third and fourth years. Similar patterns were found in the number of flowers per capitulum and the
number of capitula per plant. There exists a positive correlation between aboveground biomass and
several factors, including the number of flowers per capitulum, the number of capitula per plant, the
volume of nectar per capitulum, and the seed production per plant. A positive correlation was found
between pollinator visitation and the number of flowers per capitulum or the number of capitula per
plant. This implies that the addition of N affected the maintenance of plant aboveground biomass,
flower trait stability, pollinator visitation, and, subsequently, the frequency of seed production and
reproductive efficiency. Our results suggest that augmenting the nitrogen content in the soil may
have the capacity to modify the inherent variability in seed production that is observed across various
years and enhance the effectiveness of reproductive processes. These findings have the potential to
enhance our comprehension of the impact of nitrogen addition on the reproductive performance of
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perennial herbaceous plants and the underlying mechanisms of biodiversity in the context of global

environmental changes.

Keywords: reproductive success; biodiversity; plant-pollinator interactions; nitrogen applies; alpine

meadow

1. Introduction

The fundamental principle underlying life-history theory revolves around the notion
of trade-offs and the allocation of scarce resources to either reproduction or growth and
maintenance necessary for survival [1]. Furthermore, a considerable portion of perennial
species demonstrates the ability to undergo multiple cycles of growth and reproduction,
enabling them to reproduce across multiple seasons. However, it is imperative to recognize
that there is notable year-to-year variability in the seed production of perennial herbs in
response to the prevailing growth conditions [1,2]. Plants exhibit enhanced seed production
when subjected to favorable years, which encompass optimal soil moisture and nutrient
levels as well as suitable weather conditions [3,4]. In light of unfavorable years, there
has been a decrease in the overall yield of seeds [1,3]. Thus, there is a diverse range of
interannual variations in seed production that is associated with different growth years.

The global distribution of resources is undergoing substantial changes due to increas-
ing levels of carbon dioxide (CO,), the deposition of nutrients, and alterations in land
use. Predictive models indicate that multiple factors associated with global change have
the potential to modify the interannual variation in seed output [3]. The introduction
of nitrogen into the soil has a significant influence on the nutrient cycle, particularly in
relation to the plant’s ability to obtain readily available resources [5,6]. In theory, the
introduction of nitrogen presents a challenge in allocating resources between growth and
reproduction, thereby influencing the annual fluctuations in the seed production capacity
of perennial plants. As a result, this phenomenon leads to an increase in their overall
reproductive efficiency. Nonetheless, there is a notable deficiency in our understanding of
the effects of nitrogen supply on the interannual variations in seed production patterns of
perennial plants.

The influence of nitrogen on the makeup of soil nutrients controls how it affects the
annual fluctuations in reproductive allocation [1,3]. During the early stages of development,
plants grown in adequate-N habitats allocate a higher proportion of their resources towards
the growth and development of their vegetative organs [7,8]. Subsequently, plants demon-
strate an increased allocation of biomass towards their reproductive structures, resulting
in an amplified production of flowers [9,10]. Additionally, the influence of nitrogen is a
significant factor in the annual fluctuations of plant biomass, as it affects the storage of
carbohydrates and the distribution of carbon resources [11,12]. This phenomenon possesses
the capacity to induce annual variations in seed production. Additionally, the introduction
of nitrogen has the potential to impact both flower production and nectar secretion [13-15].
The alterations in floral traits have the potential to influence pollinator foraging behavior,
resulting in changes to the reproductive output of self-incompatibility species [9,16]. There-
fore, we speculated that the addition of nitrogen would have an impact on the floral traits
of perennial plants, leading to fluctuations in seed production and reproductive efficiency
on an annual basis.

Based on the available empirical data, it can be deduced that there has been a significant
increase in global atmospheric nitrogen inputs [16]. In Europe and North America, the
nitrogen (N) addition rate commonly observed ranges from 10 to 25 kg N ha~! year! [17].
However, it is important to acknowledge that in China, the yearly rate of nitrogen addition is
approximately 50 kg N ha~! year~! [18]. The critical load of nitrogen (N) required to elicit a
response from alpine meadow communities has been determined to be 10 kg N ha~! yr~1 [19].
The wet deposition of nitrogen has been observed to vary across different regions, with
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6.69 kg N ha=! yr~! on the western Tibetan Plateau and 7.55 kg N ha~! yr~! on the
eastern Tibetan Plateau [20]. The examination of the responses exhibited by high-altitude
ecosystems to elevated nitrogen deposition is highly appropriate for investigation on the
Tibetan Plateau.

Saussurea nigrescens demonstrates self-incompatibility and serves as a dominant herba-
ceous species in alpine meadows. Our previous study showed that the abundance of honey
bees evolved to reduce nectar production [21]. Recently, we observed that the production
of its seeds is adversely affected by various environmental factors. Herein, we propose the
hypothesis that the addition of nitrogen would have an impact on the annual fluctuations
in the seed production of perennial plants, consequently leading to an improvement in
their overall reproductive efficacy. In order to evaluate the veracity of this hypothesis, a
multiyear field experiment was conducted utilizing S. nigrescens in a Tibetan meadow. The
species under investigation exhibits a perennial life cycle and is dependent on honey bees
for pollination [21]. The objective of this study is to investigate the impacts of nitrogen
supplementation on various aspects of plant traits, including the aboveground biomass,
patterns of resource allocation, production of flowers and nectar, pollinator visitation,
and seed production over multiple years. The expectation was that these factors would
collectively have an impact on the interannual variation in seed production. The results of
our study hold promise for advancing our understanding of the effects of nitrogen addi-
tion on the reproductive efficiency of perennial herbaceous plants, as well as underlying
mechanisms that regulate biodiversity in the context of global environmental changes.

2. Materials and Methods
2.1. Study Site and Species

The research was carried out within the permanent plots of the Hongyuan Alpine
Meadow Ecosystem Research Station, which is affiliated with the Chinese Academy of
Sciences. The station is situated on the eastern Tibetan Plateau, specifically at coordinates
32°48'-32°52' N and 102°01'-102°33" E, with an altitude of 3500 m. The average annual
temperature is recorded at 0.9 °C, with the highest temperature occurring in July at 10.9 °C
and the lowest temperature occurring in January at —10.3 °C. The yearly average precipi-
tation amounts to 690 mm, with approximately 80% occurring from May to October. In
pastures, it is common for sedges, grasses, and forb species to exhibit predominance. The
overall vegetation coverage exceeds 95%, while the height of plants remains below 30
cm [21].

The grassland being studied has been subjected to yak grazing for a period of less
than twenty years, specifically during the winter seasons. In addition to the practice of
cattle grazing, this land does not exhibit any other agricultural uses. Since 1981, beekeepers
have been transferring substantial quantities of Apis mellifera colonies, which consist of
more than 80 million honey bees, to a specifically designated study site area for honey
production. The aforementioned colonies are consistently sustained within this region
annually, specifically from May to September.

The species under investigation in our study is S. nigrescens, which belongs to the
perennial herbs of the Asteraceae family. The species frequently exhibit growth patterns
within altitudinal ranges spanning from 2900 to 4300 m. The species typically attain
reproductive maturity approximately three years after seed germination. The height of the
plants ranges from 15 to 40 cm, and they produce 2 to 5 capitula. Each capitulum contains
20 to 55 florets, specifically mono-ovulated florets. The annular nectary is composed of a
bowl-shaped tissue located at the upper region of the ovary, positioned between the ovary
and the anther. The bowl’s diameter ranges from 1.5 to 2.0 mm, while the style’s diameter
ranges from 0.3 to 0.5 mm. The observed species exhibits self-incompatibility and initiates
its growth phase in the middle of May annually while undergoing senescence in the middle
of September [21]. Plants frequently undergo the process of flowering during the period
spanning from late July to August, followed by the subsequent development of fruits in
early September. Apiculture has been consistently practiced in the alpine meadows of
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the Zoige Plateau, located in the eastern region of the Tibetan Plateau, since 1981. This
technique involves the utilization of the honey bee species known as Apis mellifera. From
late July to early August, honey bees engaged in foraging activities exhibited a substantial
reliance on S. nigrescens as a primary source of nectar collection. It is worth noting that
the reproductive success of S. nigrescens is significantly influenced by the presence of
A. mellifera [21,22].

2.2. Nitrogen Addition Experiment

In this study, we present three levels of nitrogen (0, 4, and 8 g N m~2 yr~!) addition
experiments conducted in an alpine meadow located on the eastern Tibetan Plateau [18].
The study employed a fully randomized block design, incorporating three distinct treat-
ments: control (0 g Nm~2yr~1),N4 (4gNm~2yr!),and N8 (8 g N m~2 yr!). The three
treatments were allocated randomly within a block design and replicated six times [23]. A
matrix configuration comprising 18 plots (2 m x 2 m) was established. The arrangement
of the plots adhered to a 3 x 6 grid pattern. The distance between adjacent plots was
measured to be 3 m. The nitrogen supply was carried out using urea. In light of the
frequent incidence of N wet deposition, particularly during the summer season in the
specified geographical area, a solution comprising urea was administered to the plots via
a sprayer, specifically in the initial week of May [18]. Following the fertilization process,
the vegetation underwent thorough irrigation using water. The cumulative amount of
water dispensed corresponded to approximately 2 m of precipitation. In the experimental
configuration, a standardized quantity of water was evenly dispersed among the control
plots [18]. Fertilization was applied to the experimental plots during the corresponding
growing seasons from 2019 to 2022.

2.3. Measurements of Vegetative and Flower Trait

In late July 2018, 8-10 seedlings were randomly selected for each plot. Following
that, a protective framework comprising six iron wires measuring 1 mm in diameter was
constructed around each plant, which stood at a height of 5 m. During the initial flowering
period, 5 plants of selection in each plot were labeled with tags. During the period of peak
flowering, we measured the number of capitula per plant as well as the number of flowers
per capitulum from 2019 to 2022 [21].

In order to quantify the volume and concentration of nectar, a method was employed
where selected plants were subjected to a 24-h period of coverage using cylindrical metal
netting [24]. This was performed with the intention of preventing pollinators” access to
the plants under investigation. The volume of nectar per flower was measured using
micropipettes with a capacity of 1 or 2 puL. Concurrently, a hand refractometer with a
precision of 0.5% was employed to quantify the concentration of nectar (Eclipse, Stanley,
and Bellingham, Basingstoke, UK). Measurements were conducted from 08:00 to 14:30 on
sunny days. Based on our empirical observations, it was found that the presence of pale to
white anthers in flowers was indicative of the highest level of nectar volume production [21].
We conducted measurements on a range of 3-5 flowers per capitulum. Nectar volume per
capitulum was calculated as nectar volume per flower multiplied by the number of capitula
per plant. The number of flowers per plant was calculated as the number of capitula per
plant with multiple numbers of flowers per capitulum.

At the end of the experiment, the aerial parts of each plant were collected and divided
into leaf, capitulum, and stem. The plant materials that were collected were segregated
into individual paper bags, over-dried at 75 °C for 48 h, and subsequently measured using
a precision balance with an accuracy of 0.001 g.

2.4. Measurements of Pollinator Visitation

Field observations were carried out during the peak blooming period of S. nigrescens,
spanning from 2019 to 2022, with the aim of investigating the rates of pollinator visitation.
The capitula number of each sampled plant in each plot was initially recorded. Honey bee
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visitation to the capitula was monitored by observers at a distance of 3 m. The observation
periods were evenly distributed throughout the day, occurring between 9:00 and 17:00.
During each hour, a single observer viewed each plant for a duration of two minutes from
a stationary position. There were three observers, resulting in each plant being observed
twice per hour. The observations documented the number of capitula for each plant that
was visited by honey bees during the observation period [25]. The observations were
exclusively conducted during sunny days and were repeated nine days per plant per
year, spanning from 2019 to 2022. A cumulative duration of 144 min of field observations
was recorded annually for each plant. Visitation rates (R) per capitulum per hour were
calculated as the total number of visits (Nv) per hour divided by the number of capitula
(Nc), i.e., R =Nv/Nc [26].

2.5. Measurements of Seed Traits

In the middle of September, ripened capitula were dissected to determine the number
of ovules, unfertilized ovules, and viable seeds (which corresponded to the number of
ovules per capitulum). The ratio of viable seeds to the total number of ovules was referred
to as the seed set, i.e., seed set = seed number per capitulum/total ovule number per
capitulum [21]. The number of viable seeds stands for the number of seeds per capitulum.
The seeds per capitulum were also measured using a balance (0.001 g) as seed yield.

Seed yield per plant was calculated as seed yield per capitulum multiplied by the
number of capitula per plant. Reproductive efficiency was calculated as the seed yield per
plant divided by the sum of the aboveground biomass.

2.6. Data Analysis

For analysis, the data pertaining to each trait were first averaged for every plot in this
study. The statistical analyses were conducted using the R software 4.2.1 (R Development
Core Team 2022). The R software can be accessed at http:/ /www.R-project.org/ (accessed
on 23 June 2022).

The data were analyzed using generalized linear mixed models (GLMMs). The fixed
effects in the study encompassed N addition treatments (NO, N4, and N8) and the experi-
mental years spanning from 2019 to 2022, while the plot was considered a random effect.
The above-ground biomass, nectar concentration, and pollinator visitation rate were mod-
eled using a Gaussian model with an identity-link function. Next, we employed a Gamma
model (with a Logit-link) and utilized the Laplace approximation to estimate parameters in
order to model various factors, including the number of capitula per plant, number of flow-
ers per capitulum or per plant, nectar volume per capitulum or per plant, seed set, number
of seeds per capitulum or per plant, reproductive efficiency, and reproduction allocation.
The parameters were estimated using the Laplace approximation method, specifically
utilizing the glm.nb function in the ‘Ime4’ package. Upon examination of the residuals, it
was determined that a normal error distribution was suitable. Following the identification
of a notable impact on the N addition and the experimental year, subsequent post-hoc LSD
tests were employed to conduct pairwise comparisons between the N addition and the
years. Calculations were performed using the glmer function from the Ime4 package [27].

The study aimed to examine the association between flower traits and pollinator
visitation rate at the individual plant level. This investigation utilized the automated
model selection method provided by the R package glmulti. Pollinator visitation rates
can be influenced by several factors, including the nectar volume per capitula, nectar
concentration, number of flowers per plant, and above-ground biomass. In this study,
we used a random effect model with a random intercept for each plot (random = 1 | plot)
to account for potential variability between plots. The authors of the study conducted
an analysis to determine the relative significance of each predictor in influencing the
outcome [28]. A threshold value of 0.8 is needed in order to identify the variables deemed
most significant [29].
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The R package “lares” was utilized to examine the ranked cross-correlations among
all plant and pollinator variables (http:/ /laresbernardo.github.io/lares/reference/corr_
cross.html, accessed on 23 June 2022).

3. Results

Interannual vegetative and floral traits of S. nigrescens were found to be regulated
by soil nitrogen levels (Figures 1 and 2, and Tables 1 and 2). The N4 and N8 treatments
exhibited the greatest aboveground biomass, stem mass, and capitulum mass in the third
and fourth years. In contrast, no significant variation in aboveground biomass was observed
across the years for the NO treatment (Figure 1). The number of capitula per plant and
the number of flowers per capitulum reached their highest levels during the second and
third years for the N4 treatment and in the third and fourth years for the N8 treatment. The
highest recorded nectar volume per capitulum was observed in the first three years for the
NO treatment, while for the N8 treatment, it was observed in the third and fourth years.
On the other hand, there was no statistically significant variation in nectar volume per
capitulum for the N4 treatment across different years (Figure 2). The addition of nitrogen
did not result in any year-to-year variation in nectar concentration (Figure 2).

The introduction of nitrogen had an impact on both the rate of pollinator visitation
and seed set (Figure 3, Table 3). Peak pollinator visitation and seed set were observed
during the initial two years for the NO treatment and in the third and fourth years for the
N8 treatment. Conversely, no discernible differences in these variables were found during
the years of the N4 treatment (Figure 3).
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Figure 1. Comparison of aboveground biomass (a), biomass allocation to stem (b), capitulum (c), and
leaf (d) across NO, N4, and N8 treatments for each year (from 2019 to 2022) of Saussurea nigrescens.
Different letters above the boxes denote significant differences among treatments (p < 0.05).
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Figure 2. Comparison of the number of capitula per plant (a), number of flowers per capitula (b),
nectar volume per capitula (c), and nectar concentration (d) across NO, N4, and N8 treatments for each
year (from 2019 to 2022) of Saussurea nigrescens. Different letters above the boxes denote significant
differences among treatments (p < 0.05).
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Figure 3. Comparison of the number of pollinator visitation rate (a) and seed set (b) across NO, N4,
and N8 treatments for each year (from 2019 to 2022) of Saussurea nigrescens. Different letters above
the boxes denote significant differences among treatments (p < 0.05). ssr—seed set; vr—pollination
visitation rate (visitors capitula~!-hr~1).
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The nitrogen supply in the soil was seen to have an impact on both reproductive
efficiency and seed production per capitulum or plant (Figures 4a,b and 5; Table 3). The NO
treatment exhibited the highest reproductive efficiency and the greatest number of seeds
per capitulum during the initial two years. Similarly, the N4 treatment demonstrated these
characteristics in the second and third years, while the N8 treatment displayed them in the
third and fourth years.

The introduction of nitrogen had varying effects on the correlations between different
traits (Figure 6). The study revealed a positive correlation between seed production per
plant and both flower production per capitulum and capitulum production per plant
(Figure 6). There exists a positive correlation between the number of seeds per capitulum,
the frequency of pollinator visits, and the quantity of nectar produced by each capitulum.
The study revealed a positive correlation between above-ground biomass and various
factors, including reproductive efficiency, seed set, pollinator visitation frequency, and the
number of capitula per plant (Figure 6).

Both the overall quantity of capitula per plant and the number of seeds per capitulum
exhibited a noteworthy influence on seed production. (Figure 4c). Both the level of nitrogen
addition and the experimental year had an impact on the number of seeds that a plant

produced (Figure 4c).
(a) (c)
C
210 4 — ¢ ﬁ 2020 ’0.02
S0 | E32020
4«2180 E3 2021 !! 2021 '0-03,
§ E3 2022
=150
2 2022 -0.08,"
] ¢ ¢ b
2120 4 =5
= . onp 022
g 90 ¢
9 1 C 019"
= be qgab 22 snc °
4 a a
wy T e $ 0.07"
2019xN4 o
NO N4 N8 2020xN4 ’0.08"‘
(b)
N 2021%N4 <0137
C
5061 c B
g 2022xN4 -
B 051
T‘j b 2019%N8 -0.057 ]
204
k31
2 o o @ 2020xN8 D07
2, c E b a
2 02 é+ == @ 2021xN8 ld
bbb
0 e
oL @‘EEE‘,; 2022+N8 05
No N4 N8 -l -0.5 0 05 1
Nitrogen addition Effect size

Figure 4. Interannual variation in the number of seeds produced per plant (a) and the reproductive
efficiency (b) of Saussurea nigrescens among the NO (0 g-m~2 N), N4 (4 g-m~2) and N8 (8 g-m~?2)
treatments; additionally, the effects of nitrogen addition and each experimental year on the number of
seeds per plant (c) was analyzed using generalized linear mixed models (GLMMs). Different letters
above the boxes denote significant differences among treatments (p < 0.05). The effect of nitrogen
addition and each experimental year on the number of seeds per plant indicated by values and
95% confidence interval (CI) of estimated slopes from GLMM, with significant (95% CI does not
overlap with zero, *** p < 0.001) positive (blue) and negative (red) effect highlighted by colored values
with * and CI of the estimated slopes, and values without * and CI (overlap with zero) indicated
non-significant difference across the NO, N4, and N8 treatments. The variable “cnp” represents the
number of capitula per plant, while the variable “snc” represents the number of seeds per capitula.
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Figure 5. Comparison of the number of seeds per capitula across NO, N4, and N8 treatments for each
year (from 2019 to 2022) of Saussurea nigrescens. Different letters above the boxes denote significant
differences among treatments (p < 0.05).
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Figure 6. Ranked cross-correlations for variables of vegetative and floret traits, seed traits, and
pollinator visitation rate of Saussurea nigrescens. Blue colors correspond to positive correlations. The
size of the bar was proportional to the correlation coefficients. Forty-four most relevant reflected
significant correlations of variables. NAs removed reflect the insignificant correlations that did not
present. bio—above-ground biomass; cnp—number of capitula per plant; fnc—number of flowers
per capitula; fnp—number of flowers per plant; nc—nectar concentration; nve—nectar volume per
capitula; nvp—nectar volume per plant; snc—number of seeds per capitula; snp—number of seeds
per plant; ssr—seed set; vr—pollination visitation rate; nvc + vr represents the relationship between
nectar volume per capitula and pollinator visitation rate.
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The results of model selection indicated a positive relationship between pollinator
visitation rates and the number of flowers and capitula on a plant (Figure 7).
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Figure 7. Relative importance of flower traits on pollinator visitation rate of Saussurea nigrescens.

The red line on the chart indicates which terms are significant. fnp—number of flowers per plant;

cnp—number of capitula per plant; bio—above-ground biomass; nc—nectar concentration. The

figure shows the result of the best model selection.

Table 1. Effects of nitrogen addition and each year on vegetative and flower traits.

Aboveground Biomass

Number of Capitulum per Plant

Number of Flowers per Capitula
1

Number of Flowers per Plant

Predictors Estimates CI r Estimates CI 4 Estimates P Estimates P
Intercept 1.42 1.33-1.50 <0.001 257 2.40-2.74 <0.001 43.56 41.87-45.33 <0.001  111.68 103.47-120.54 <0.001
2020 0.04 —0.06-0.15 0.432 1.09 1.00-1.18 0.039 1.05 1.00-1.11 0.050 1.14 1.04-1.25 0.005
2021 —0.02 —0.13-0.09 0.719 1.12 1.03-1.21 0.010 0.90 0.85-0.94 <0.001 1.00 0.92-1.10 0.934
2022 0.03 —0.07-0.14 0.515 1.14 1.05-1.24 0.002 0.79 0.75-0.83 <0.001 0.91 0.83-0.99 0.034
tr [N4] 0.03 —0.08-0.14 0.568 1.20 1.10-1.30 <0.001 1.07 1.02-1.13 0.011 1.28 1.17-1.40 <0.001
tr [N8] 0.03 —0.07-0.14 0.556 0.86 0.79-0.93 <0.001 0.90 0.85-0.94 <0.001 0.77 0.70-0.84 <0.001
2020 x tr [N4] 0.01 —0.14-0.16 0.882 1.05 0.93-1.17 0.445 1.04 0.96-1.11 0.328 1.09 0.96-1.24 0.172
2021 x tr [N4] 0.20 0.05-0.35 0.011 1.02 0.91-1.15 0.704 1.23 1.15-1.33 <0.001 1.26 1.11-1.43 0.001
2022 x tr [N4] 0.18 0.03-0.33 0.018 0.93 0.83-1.05 0.227 1.26 1.18-1.36 <0.001 1.18 1.04-1.34 0.013
2020 x tr [N8] 0.09 —0.06-0.24 0.214 1.33 1.19-1.50 <0.001 1.13 1.05-1.21 0.001 1.52 1.34-1.72 <0.001
2021 x tr [N8] 0.33 0.18-0.48 <0.001 1.83 1.63-2.06 <0.001 1.53 1.42-1.64 <0.001 2.80 2.47-3.18 <0.001
2022 x tr [N8] 0.33 0.18-0.48 <0.001  1.99 1.77-2.23 <0.001 1.73 1.61-1.86 <0.001 3.44 3.03-3.90 <0.001
Table 2. Effects of nitrogen addition and each year on nectar volume and concentration.
Nectar Concentration Nectar Volume per Capitula Nectar Volume per Plant
Predictors Estimates CI 4 Estimates p Estimates p
Intercept 4472 42.60-46.84 <0.001 6.95 6.40-7.55 <0.001 18.10 16.18-20.25 <0.001
2020 —0.90 —3.90-2.09 0.548 1.03 0.93-1.14 0.585 1.09 0.96-1.24 0.184
2021 —2.12 —5.11-0.88 0.162 0.93 0.84-1.03 0.150 1.03 0.90-1.17 0.667
2022 0.08 —2.91-3.07 0.958 0.78 0.70-0.86 <0.001 0.87 0.76-0.99 0.030
tr [N4] —0.89 —3.88-2.10 0.554 2.10 1.90-2.32 <0.001 2.47 2.17-2.81 <0.001
tr [N8] —1.11 —4.10-1.88 0.461 2.56 2.31-2.83 <0.001 2.14 1.88-2.43 <0.001
2020 x tr [N4] 0.84 —3.39-5.08 0.691 1.09 0.94-1.26 0.233 1.17 0.98-1.40 0.090
2021 x tr [N4] 2.64 —1.59-6.87 0.217 1.22 1.05-1.40 0.008 1.25 1.04-1.50 0.017
2022 x tr [N4] 0.16 —4.08-4.39 0.941 1.31 1.13-1.51 <0.001 1.25 1.05-1.50 0.015
2020 x tr [N8] 0.46 —3.77-4.69 0.829 1.15 0.99-1.32 0.061 1.58 1.31-1.89 <0.001
2021 x tr [N8] 2.42 —1.82-6.65 0.258 1.43 1.24-1.65 <0.001 2.68 2.23-3.21 <0.001
2022 x tr [N8] 1.26 —2.97-5.50 0.553 1.66 1.44-1.91 <0.001 3.42 2.85-4.10 <0.001
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Table 3. Effects of nitrogen addition and each year on visitation rate, seed set, number of seeds per
capitula, and reproductive efficiency.

Pollinator Visitation Rate Seed Set Number of Seeds per Capitula Reproductive Efficiency

Predictors Estimates CI r Estimates CI 4 Estimates CI r Estimates CI 4
Intercept 2.71 2.48-2.93 <0.001  0.60 0.57-0.63 <0.001 26.14 24.33-28.09 <0.001 0.08 0.08-0.09 <0.001
0.11 —0.21-0.42 0.495 0.98 0.92-1.06 0.640 1.04 0.94-1.15 0.444 1.07 0.92—- 0.364
2021 -0.22 —0.53-0.10 0.173 0.89 0.83-0.96 0.002 0.80 0.72-0.89 <0.001 0.98 0.84- 0.789
2022 —0.28 —0.59-0.04 0.083 091 0.84-0.97 0.008 0.72 0.65-0.80 <0.001 0.67 0.58- <0.001
tr [N4] 0.94 0.62-1.25 <0.001 1.01 0.94-1.09 0.689 1.09 0.98-1.20 0.110 2.32 1.99- <0.001
tr [N8] 0.91 0.60-1.23 <0.001  1.11 1.04-1.20 0.004 1.01 0.91-1.11 0.921 2.28 1.96- <0.001
2020 x tr [N4] —0.20 —0.64-0.25 0.377 1.09 0.99-1.21 0.092 1.13 0.98-1.30 0.096 1.18 0.95- 0.126
2021 x tr [N4] 0.22 —0.22-0.66 0.326 122 1.11-1.35 <0.001 1.51 1.31-1.74 <0.001 1.34 1.08-1.65 0.009
2022 x tr [N4] —0.03 —0.48-0.41 0.885 117 1.06-1.29 0.003 1.48 1.28-1.71 <0.001 1.70 1.37-2.11 <0.001
2020 x tr [N8] 0.43 —0.01-0.87 0.056 1.11 1.01-1.23 0.037 1.25 1.08-1.44 0.003 1.61 1.30-1.99 <0.001
2021 x tr [N8] 0.82 0.37-1.26 0.001 1.25 1.13-1.39 <0.001 1.90 1.65-2.20 <0.001 2.88 2.33-3.57 <0.001
2022 x tr [N8] 0.91 0.46-1.35 <0.001 1.19 1.07-1.32 0.001 2.03 1.76-2.34 <0.001 4.24 3.42-5.25 <0.001

4. Discussion

The findings indicated that increasing the nitrogen content in the soil has the potential
to alter the natural fluctuations in seed production and reproductive efficiency that occur
over different years of S. nigrescens. Nitrogen has been found to alter the interannual
variations in the number of flowers per capitulum as well as the number of capitula per
plant, consequently affecting the annual frequency of seed production. However, the
introduction of nitrogen had an impact on the fluctuation of flower rewards from year
to year. This included changes in nectar production per capitulum and the number of
flowers per plant. Additionally, the patterns of pollinator visitation rate and seed set were
also altered throughout the duration of the experiment. A positive correlation has been
observed between the number of seeds produced per plant and several factors, such as the
number of flowers per capitulum, the number of capitula per plant, the volume of nectar per
capitulum, and the rate of visitation by pollinators. A significant positive correlation was
identified between aboveground biomass and several factors, encompassing the allocation
of biomass to the stem, the number of flowers per capitulum, the number of capitula
per plant, the volume of nectar per capitulum, and the seed production per plant. This
demonstrates that the incorporation of element N significantly influences the maintenance
of aboveground biomass and flower traits, resulting in alterations in the frequency of
pollinator visits and the interannual variability in seed production. The findings of this
research have the potential to enhance our comprehension of the impacts of nitrogen supply
on the reproductive efficacy of perennial herbs as well as the underlying mechanisms that
influence biodiversity in alpine meadows amidst global environmental changes.

The presence of nitrogen significantly influences plant biomass through the alteration
of carbohydrate reserves and the allocation of carbon resources [11,12]. Plants grown in
habitats with an adequate nitrogen supply often exhibit a greater allocation of biomass
towards the stem [30,31]. This allocation is necessary to provide mechanical support for the
increased aboveground biomass of S. nigrescens. In addition, the introduction of nitrogen
resulted in an increase in community height (30~35 cm). This increase in height can be
attributed to the promotion of stem growth, which enables S. nigrescens to compete better for
light resources [32,33]. Moreover, the highest aboveground biomass was observed during
the third and fourth years of our study (Figure 1). We postulated that a higher percentage
of underground resources experienced a transformation resulting in the production of a
greater amount of aboveground biomass over the course of the latter two years [31].

Furthermore, plants frequently allocate a greater number of resources towards the
development of their reproductive organs, including the production of a larger quantity
of flowers and the provision of increased flower rewards [9,10,34]. This relationship is
exemplified by a positive association between the aboveground biomass and several floral
traits, such as the number of capitula per plant, the number of flowers per capitulum,
and the amount of nectar per capitulum (Figure 6). Both the N4 and N8 treatments
exhibited an increase in aboveground biomass as well as an increase in the flower mass
fraction (Figure 1). This implies that an augmentation in aboveground biomass has the
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potential to enhance the number of flowers and nectar [13,35]. Furthermore, our study
revealed a positive correlation between nectar and flower production and aboveground
biomass fluctuations over consecutive years. The flower or capitulum number and nectar
production of the plant and capitulum exhibit interannual variation, which is influenced
by changes in aboveground biomass over the course of the experimental years. This
finding suggests that the addition of nitrogen not only alters the year-to-year fluctuations
in aboveground biomass [31] but also affects the allocation of resources towards flower and
nectar production, consequently leading to annual changes in flower and nectar abundance.

In a research investigation examining the impacts of nutrient supply on nectar traits,
the addition of nitrogen did not result in an increase in nectar secretion for Trifolium
pratense. However, it did lead to an increase in the rate of nectar secretion for Antirrhinum
majus [36]. Nevertheless, the augmentation in nectar secretion of A. majus and Ipomopsis
aggregata was solely observed under conditions of minimal nitrogen supplementation
(10 kg N ha~! year—!). At elevated levels of nitrogen addition (200 kg N ha~! year™1!),
there was a notable reduction in nectar secretion for both species [13,36]. This suggests that
the influence of nitrogen supplementation on nectar production is dependent on both the
dosage of nitrogen and the particular plant species. The nectar secretion of S. nigrescens
was found to be enhanced by both the N4 and N8 treatments. The extent to which the dose
of nitrogen reduces nectar production in S. nigrescens remains unknown. Indeed, numerous
studies have demonstrated that the introduction of nitrogen has a positive impact on the
overall concentration of amino acids [37-39]. The presence of nitrogen addition has been
frequently observed to result in an increase in the levels of asparagine and glutamine
among the various individual amino acids [15,37,39]. The disparity in nectar concentration
(e.g., sugar content) was not identified in S. nigrescens. The concentration of nectar is subject
to influence by microclimate factors, particularly relative humidity [40]. The available
evidence indicates that the amount of water in nectar often affects how concentrated it
is. The humidity gradient affects the rate of evaporation, which in turn affects the flow of
water between nectar and air [41], which in turn affects the amount of water in nectar. The
study site where three treatments were conducted exhibited similar levels of humidity. The
plants exhibited uniform growth under equivalent relative humidity conditions, leading to
nectar concentrations that were indistinguishable.

Bees derive their energy from the consumption of nectar and pollen. The provision of
protein and other essential nutrients is imperative for the optimal growth and development
of larvae. Plants that exhibit a high production of nectar in substantial quantities have
the potential to attract a greater number of visits from pollinators as well as prolong the
duration of the visits [21,42,43]. Within the designated study areas, it has been observed
that honey bees play a predominant role as the principal pollinators of S. nigrescens. From
late July to early August, domesticated honey bees demonstrate a notable reliance on
S. nigrescens as their principal nectar-gathering resource [21]. There was a correlation
between honey bee visitation and nectar production [44]. Plants that thrive in N4 and N8
habitats, characterized by the presence of nectar-rich flowers, exhibit a higher frequency
of pollinator visits. Conversely, plants inhabiting the NO habitat, which is characterized
by the absence of nectar-rich flowers, tend to attract fewer pollinators (Figures 2 and 3). A
positive correlation has been observed between the overall sugar concentration in nectars
and specific pollinators [45]. As an illustration, honey bees exhibit a preference for nectar
characterized by a diminished sugar concentration [46], while bumble bees display a
preference for nectar characterized by an elevated sugar concentration [47]. The sugar
concentration of S. nigrescens exhibited a range of 37% to 50%, aligning with the nectar
concentration preferences observed in honey bees. The level of flower production has an
impact on the frequency of flower visits. The findings from our model selection analysis
indicated that both the quantity of nectar produced per plant and the number of capitula per
plant are significant factors in determining the visitation of pollinators. It is imperative to
acknowledge that floral scents have a significant impact on the attraction of pollinators [48].
Nevertheless, the impact of nitrogen supplementation on the olfactory traits of flowers and
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the preferences exhibited by pollinators remains uncertain. The visitation rate is contingent
upon the combined factors of species richness and the abundance of pollinators [49]. The
honey bee population size exhibited no discernible variation among the study sites as
a result of the substantial release of honey bees by beekeepers in the designated study
areas [21,22].

The introduction of nitrogen has the potential to modify the inherent variations in seed
production and reproductive efficiency observed across different years in S. nigrescens. The
presence of nitrogen has been observed to have an impact on the interannual variations in
both the number of flowers per capitulum and the number of capitula per plant (Figure 6).
The seed yield per plant is influenced by two factors: the number of capitula per plant and
the number of seeds per capitulum (Figure 4). S. nigrescens exhibits self-incompatibility,
with honey bees serving as the primary pollinators for fertilization [21]. This deduction
is supported by the demonstrated positive correlation between seed set and pollinator
visitation. The introduction of nitrogen resulted in a notable augmentation in the number
of flowers and capitula, as well as an increase in nectar production and pollinator visi-
tation [13,14,16], consequently leading to an enhanced seed output. Moreover, there is a
correlation between aboveground biomass and the annual variation in seed production.
A positive correlation has been identified between above-ground biomass and various
reproductive traits, including seed quantity per plant, flower quantity per capitulum, and
capitulum quantity per plant. This implies that the addition of nitrogen has the potential to
modify the year-to-year fluctuations in aboveground biomass, resulting in changes in the
number of flowers per capitulum, the number of capitula per plant, nectar production, and
pollinator visitation across various years. Consequently, this can also impact interannual
seed output and reproductive efficiency.

Interannual variations in seed yield exert a significant impact on the sustainability of
perennial plant populations [1,31]. In light of an uncertain environment, plants undertake
a thorough evaluation of the benefits and costs linked to various reproductive strategies.
Under optimal circumstances, plants exhibit a tendency to produce a larger number of
seeds, thereby providing benefits for the replenishment of populations. Plants demonstrate
a reduction in resource allocation towards reproduction when confronted with adverse
circumstances [50], opting to prioritize resource allocation towards survival. Our study
suggests that over the course of the first two years of nitrogen supplementation, plants
exhibited a preference for allocating resources toward vegetative tissue [51]. This alloca-
tion strategy ultimately resulted in a significant improvement in seed yields during the
subsequent third and fourth years for N4 and N8 plants.

The presence of soil nutrients has the potential to influence reproductive processes [9].
For example, the presence of mycorrhizal infection in soil with high phosphorus content
has the potential to enhance seed production [52]. The present study did not observe the
variation in soil nitrogen (IN) and the other element levels among the different nitrogen
supply treatments. It was found that soil nutrients exerted a notable impact on the secretion
and concentration of nectar in flowers. Consequently, these factors influenced the rates of
visitation by pollinators and the production of seeds [13]. Further investigation would be
required to conduct a comprehensive examination. It has been seen that adding nitrogen
changes the composition and activity of nitrogen-fixing bacteria [53]. This has an effect
on how seed production changes from year to year. Further investigation is warranted to
empirically examine the potential impacts of this phenomenon.

In general, increasing the amount of nitrogen in the soil can change the natural
differences in seed yield and improve the reproductive success of S. nigrescens seen in
different years. The augmentation of nitrogen concentrations has a positive impact on
the seed production of S. nigrescens, especially when combined with a dosage of 8 g-m—2
of nitrogen. However, the potential effects of nitrogen addition on the processes of seed
germination and seeding establishment have yet to be investigated. The impact on plant
abundance and community composition remains uncertain. The results of this study could
help us learn more about how nitrogen supplementation affects the ability of perennial
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herbaceous plants to reproduce, as well as the basic processes that affect biodiversity in
alpine meadows when the global environment changes.
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Simple Summary: Global mean temperature has increased by 1.07 °C since the Industrial Revolution,
which arouses people’s widespread concern about climate warming. Nighttime temperatures increase
faster and higher than daytime temperatures around the world. Various microbial groups in the
soil may respond differently to such asymmetrically diurnal warming and then change ecological
functions. In this study, we used a ten-year experiment in a semi-arid grassland to examine the effects
of daytime and nighttime warming on soil microbial composition. The results showed that short-
term warming did not change soil microbial composition, but long-term daytime warming rather
than nighttime warming decreased the fungi-to-bacteria ratio in soils. In addition, soil respiration
enhanced with the decreasing fungi-to-bacteria ratio. This work implies the importance of soil
microbial composition in regulating grassland C release under long-term warming, which may help
us accurately assess the climate-C feedback in terrestrial ecosystems.

Abstract: Climate warming has profoundly influenced community structure and ecosystem functions
in the terrestrial biosphere. However, how asymmetric rising temperatures between daytime and
nighttime affect soil microbial communities that predominantly regulate soil carbon (C) release
remains unclear. As part of a decade-long warming manipulation experiment in a semi-arid grassland,
we aimed to examine the effects of short- and long-term asymmetrically diurnal warming on soil
microbial composition. Neither daytime nor nighttime warming affected soil microbial composition
in the short term, whereas long-term daytime warming instead of nighttime warming decreased
fungal abundance by 6.28% (p < 0.05) and the ratio of fungi to bacteria by 6.76% (p < 0.01), which
could be caused by the elevated soil temperature, reduced soil moisture, and increased grass cover. In
addition, soil respiration enhanced with the decreasing fungi-to-bacteria ratio, but was not correlated
with microbial biomass C during the 10 years, indicating that microbial composition may be more
important than biomass in modulating soil respiration. These observations highlight the crucial role
of soil microbial composition in regulating grassland C release under long-term climate warming,
which facilitates an accurate assessment of climate-C feedback in the terrestrial biosphere.

Keywords: climate change; asymmetric warming; microbial community; plant cover; carbon cycling;
temperate steppe

1. Introduction

Climate warming has led to an increase in global mean temperature by 1.07 °C since
1850 [1] and can profoundly influence the carbon (C) balance between plants and soils
in terrestrial ecosystems, resulting in an uncertain response of soil C storage to climate
warming [2,3]. Soil microorganisms, an essential component in ecological communities,
are extensively involved in soil organic matter decomposition and nutrient cycles, thus
playing crucial roles in maintaining ecosystem stability [4,5]. Given the high sensitivity
of microbial activities to rising temperatures, climate warming may greatly change the
community structure and functions of soil microorganisms [6,7]. Previous studies have
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suggested that warming stimulates the microbe-mediated soil organic C mineralization,
thus causing decreases in soil C storage [8,9]. However, some studies show conflicting
outcomes and propose our superficial cognition of warming effects on soil microbial
communities and C cycling [10]. Due to the fact that soil microorganisms predominantly
regulate the decomposition and formation of soil organic C, and affect soil respiration
by changing their metabolic activities [10,11], understanding the variation in microbial
composition and their responses to climate warming can help us make accurate predictions
on the climate-C feedback in the terrestrial biosphere.

Climate warming can cause variations in soil microclimates, e.g., the increase in soil
temperature and reduction in soil water content, which may stimulate the rate of organic
matter decomposition or inhibit microbial growth efficiency [8-10], subsequently resulting
in different levels of soil C loss. However, long-term ecosystem responses to warming
may be different from transient responses [3,11]. The stimulatory effect of warming on
soil respiration weakens over time, which could be possibly attributed to the depleted
C availability, the thermal adaptation of the microbial community, and the enhanced
microbial interactions [2,12,13]. In addition to temperature-mediated microbial activity,
changes in plant communities, which provide substantial C inputs to soils and reshape
microbial composition, may affect soil C release associated with rising temperatures [3,14].
For example, long-term warming stimulates C storage in forest soils by alleviating nitrogen
limitation, or changes plant community composition towards low-productivity species to
offset short-lived soil C loss [2,11]. However, how the temporal responses of soil microbial
communities to climate warming, and their linkages with plant cover changes and soil C
loss remain largely elusive.

A greater increasing rate in daily minimum temperature than that in daily maximum
temperature has been found in different regions [15,16], and such asymmetric daytime
and nighttime warming can differentially affect hydro-thermal factors, plant physiology,
productivity, and ecosystem C cycling [15-19]. Nighttime warming-induced overcompen-
sation of plant photosynthesis and consequent C assimilation may supply more C sources
for microbial growth and activity [8,20]. In addition, the enhanced nitrogen availability and
organic matter decomposition rate under nighttime warming can intensify the competition
for limited nutrients between plants and soil microorganisms, leading to an increase in
fungal diversity, or reductions in bacterial abundance and C use efficiency [8,21]. However,
our understanding of the effects of asymmetrically diurnal warming on soil microbial
communities is mainly based on some short-term (less than 5 years) field experiments, and
little is known about microbial feedbacks to long-term daytime and nighttime warming.

Phospholipid fatty acid (PLFA) can be used as an efficient tool to measure microbial
community composition and estimate microbial responses to environmental stress [22,23].
Although it has a low taxonomic resolution compared with current molecular methods,
PLFA reflects the relative dominance of biomarkers in the soil, such as the ratios of fungi to
bacteria and Gram-positive to Gram-negative bacteria [23]. As part of a 10-year (2006-2015)
manipulative experiment, this study was conducted to examine the responses of soil micro-
bial composition to short- and long-term daytime and nighttime warming in a semi-arid
grassland. The following two hypotheses were specifically tested: (1) long-term warming
could have greater impacts on soil microbial composition than short-term warming, likely
due to the changes in soil microclimate and plant cover which can reshape the soil micro-
bial community; (2) nighttime warming would affect more microbial groups than daytime
warming because the stronger response of plants to nighttime warming can further alter
the soil environment and the microbial community.

2. Materials and Methods
2.1. Site Description

The study was conducted in a semi-arid grassland in Duolun County (42°02" N,
116°17’ E, 1324 m a.s.l.), Inner Mongolia, China. Mean annual precipitation and air
temperature are 374.5 mm and 2.4 °C, respectively. Sandy soil of the experimental site
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is classified as Haplic Calcisols according to the Food and Agriculture Organization
of the United Nations (FAO) classification standard. Surface soil bulk density and pH
are 1.31 g-cm~2 and 7.7 [24]. Plant species in this grassland are dominated by grasses
(Agropyron cristatum, Cleistogenes squarrosa, Leymus chinensis, and Stipa krylovii), forbs
(Artemisia frigida, Potentilla tanacetifolia, Heteropappus altaicus, and Potentilla acaulis) and
legumes (Melilotoides ruthenica, Astragalus adsurgens, and Lespedeza bicolor).

2.2. Experimental Design

The experiment was established in March 2006 and conducted as part of a com-
plete random block design with 6 treatments, including control (C), daytime warming
(6:00-18:00; D), nighttime warming (18:00-6:00; N), diurnal warming (24 h; W), nitrogen
fertilization, and diurnal warming plus nitrogen fertilization. There were 4 replicates for
each treatment, and therefore 24 3 m x 4 m plots were assigned in a 4 x 6 matrix, with a
3 m distance between adjacent plots.

The infrared radiators (165 cm x 15 cm; MSR-2420, Kalglo Electronics, Bethlehem, PA,
USA) were placed 2.25 m above the ground and set at 1600W as the power output in each
warming plot [19,25]. The daily mean soil temperatures were elevated by 0.91 °C and 1.18 °C
under daytime and nighttime warming, respectively (Figure S1). In each control plot, a
“dummy” heater with the same shape and size as the infrared heater was installed at the same
height to imitate the shading effect. The asymmetric diurnal warming treatments began in
April 2006, and the heaters ran continuously and automatically from 15 March to 15 November
in each year. No other manipulations were performed in the experimental plots.

2.3. Soil Microclimate, PLFA Analysis, and Plant Cover Measurement

Soil temperature at the depth of 10 cm was automatically recorded every 10 min using
a STM-01 Soil Temperature Measurement System Datalogger (Henan Electronic Institute,
China), and soil temperatures during the growing season from May to October were used
as the annual mean value [19]. Soil moisture (SM) at the same site and depth was measured
by a portable soil moisture probe (Diviner-2000, Sentek, Australia). Soil moisture was
analyzed three times per month from May to October each year.

A total of 2 soil cores (0-10 cm) were randomly collected using a soil auger in late
August in 2006, 2007, 2011, 2012, and 2015. Soil samples in each plot were mixed together
after removing visible extraneous materials and passing through a 2 mm sieve, and then
stored at —20 °C until phospholipid fatty acid (PLFA) extraction. In brief, 8 g of dry soil
were fractionated and quantified with a mixture containing chloroform, methanol, and
phosphate buffer (1:2:0.8 v/v/v). The lipids were filtrated with silicic acid column and
separated into phospholipids, glycolipids, and neutral lipids, and then subjected to a mild
alkaline methanolysis. Then, 19:0 methyl esters were dissolved in hexane as an internal
standard. Extracted fatty acid methyl esters were identified with gas chromatograph
(Agilent 7890A, Agilent technologies, Santa Clara, CA, USA) and a microbial identification
system (MIDI Inc., Newark, DE, USA). The relative biomass of fungi was determined by the
summed concentrations of 18:1w9c, 18:2wé6¢, and 16:1w5c. Gram-negative (G—) bacteria
biomass was estimated by 16:1 20H, 16:1w7, 16:1w9, 17:0 cyclo, 17:1w8§, 18:1w5, 18:1w?7,
and 19:0 cyclo w8, while Gram-positive (G+) bacteria contained 15:0 anteiso, 15:0 iso,
16:0 iso, 16:1 iso G, 17:0 anteiso, 17:0 iso, 18:1w7 11-methyl, 18:1w9, and 19:1w11. The
summed concentrations of general FAME, G—, and G+ bacteria were identified as bacterial
biomarkers [5]. Specific methodologies for determining microbial biomass C and soil
respiration can be found in the Supplementary Materials. The percent cover of each plant
species in each 1 m x 1 m plot was recorded by visual estimation in late August each year.

2.4. Data Analysis

The effects of asymmetric daytime and nighttime warming and year, and their pos-
sible interactions on soil microclimate and microbial compositions were analyzed using
two-way repeated ANOVA measures with SAS V8 software (SAS Institute). Linear re-
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gressions were investigated to determine correlations among soil microbial compositions,
soil microclimate, and plant functional groups. Redundancy analysis (RDA) and random
forest modeling were performed to reveal environmental factors influencing microbial
composition in R (v 3.4.0). Structural equation modeling (SEM) exploring the effects of
abiotic and biotic factors on soil microbial composition was constructed using AMOS 24.0
(Amos Development Corporation). The goodness of model fit was tested based on the
p-value (>0.05), chi-square, and root mean square error of approximation (RMSEA; <0.05).
The total, direct, and indirect effects of the abiotic and biotic factors on soil microbial
composition were also recorded.

3. Results
3.1. Soil Microclimate

Averaged across the 4 treatments, both soil temperature and moisture substantially
fluctuated over the experimental durations (Figures 1 and S2, both p < 0.001, Table 1). Daily
mean soil temperature was enhanced by 0.32 °C and 0.58 °C under daytime and nighttime
warming averaged over the 5 years, respectively (Figure 1a, both p < 0.001). Soil moisture
was decreased by 0.65% (absolute change, p < 0.01) and 0.55% (p < 0.05) under daytime and
nighttime warming, respectively (Figure 1b). There was no interaction between daytime
and nighttime warming on soil temperature or moisture.
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Figure 1. Annual mean soil temperature (a) and moisture (b) under the 4 treatments in 2006, 2007,
2011, 2012, and 2015 (M + 1 SE, n = 4). C, control; D, daytime warming; N, nighttime warming; and
W, diurnal warming.

When separating into the short- (2006 and 2007) and long-term (2011, 2012, and 2015)
stages, daytime warming significantly increased soil temperature by 0.43° (p < 0.001) and
marginally reduced soil moisture by 0.53% (p < 0.1). Nighttime warming stimulated soil
temperature by 0.50 °C (p < 0.001) but had no effect on soil moisture (p > 0.05) in the short
term (Figure 1 and Table 1). By contrast, daytime warming enhanced soil temperature by
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0.23 °C (p < 0.05) and suppressed soil moisture by 0.70% (p < 0.05), and nighttime warming
increased soil temperature by 0.64 °C (p < 0.001) and decreased soil moisture by 0.66%

(p <0.05) in the long term (Figure 1).

Table 1. Results (F-values) of repeated measures ANOVA on the effects of daytime warming (D),
nighttime warming (N), and year (Y) and their interactions on soil temperature (ST), soil moisture
(SM), the relative abundance of bacteria, Gram-negative (G+) bacteria, fungi, arbuscular mycorrhizal
fungi (AMF), and the ratios of fungi to bacteria (F/B ratio) and G— to G+ bacteria (G—/G+ ratio) in

all 5 years, short (2006 and 2007) and long (2011, 2012 and 2015) term.

Source of Variations ST SM Bacteria G+ Bacteria Fungi AMF F/B Ratio  G—/G+ Ratio

D 18.6 *** 7.85 ** 1.28 1.54 3.76 * 0.06 7.53 ** 0.08
N 64.1 *** 5.94* 0.08 0.20 0.29 1.57 0.53 0.15

Y 93.3 *** 233 *** 104 *** 53.1 *** 8.30 *** 17.3 *** 38.8 *** 166 ***
All 5 years D xN 0.20 0.29 1.82 0.76 0.53 0.04 0.03 0.00
DxY 0.70 0.05 0.52 1.01 0.60 1.01 0.47 1.38
N xY 0.71 0.19 1.91 1.16 0.38 0.95 0.74 1.10
DxNxY 0.11 0.34 0.41 0.22 0.39 1.21 0.22 0.45
D 14.3 *** 327" 1.37 0.64 0.28 0.60 2.52 0.06
N 19.2 #** 1.67 0.25 0.48 0.93 1.84 2.02 2.55
Y 170 *** 372 %+ 4.26* 217 0.05 337" 2.02 0.09
Short term D xN 0.20 0.10 0.80 0.43 0.19 0.17 0.01 0.12
DxY 0.01 0.00 0.10 1.08 0.68 0.77 0.57 1.48
N xY 0.39 0.33 1.08 1.48 0.10 0.04 0.17 0.39
DxNxY 0.02 0.32 0.02 0.24 0.11 1.96 0.06 0.80
D 6.24 % 475* 0.05 1.93 4.39* 112 511* 0.36
N 45.5 *** 4.27* 2.36 0.31 0.01 0.00 0.09 0.90
Y 9.57 *** 29.5 *** 6.35 ** 3.04" 11.8 *** 100 *** 9.65 *** 1.14
Long term D xN 0.05 0.68 1.42 0.51 0.35 0.18 0.09 0.12
DxY 0.54 0.02 0.67 3.35* 0.47 213 0.66 1.94
N xY 0.77 0.06 5.72** 1.15 0.37 2.48 0.52 0.20
DxNxY 0.19 0.22 1.80 0.09 0.75 0.79 0.41 0.36

Significance levels: “p < 0.1, * p < 0.05, ** p < 0.01, and *** p < 0.001.

3.2. Soil Microbial Composition

Averaged over the 5 years, daytime warming did not affect the relative abundance of
bacteria, G+ bacteria, AMF, or the ratio of G— to G+ bacteria (Figure 2a,b,d.f, all p > 0.05,
Table 1), but reduced fungi proportion by 4.47% (Figure 2c, p < 0.05) and the fungi-to-
bacteria ratio by 5.63% (Figure 2e, p < 0.01). Nighttime warming had no effect on the
relative abundance of any of the microbial groups or the ratios of fungi to bacteria and G—
to G+ bacteria (Figure 2, all p > 0.05). The responses of microbial compositions to daytime
and nighttime warming varied with year (all p < 0.001). No interaction of daytime and
nighttime warming on the relative abundance of any of microbial groups or the ratios of
fungi to bacteria and G— to G+ bacteria was detected.

Averaged across the four treatments, the relative abundance of bacteria and the G—
to G+ bacteria ratio were higher in the long- than in the short-term stage (Figure 3a, all
p <0.001). However, the relative abundance of G+ bacteria (p < 0.001) and fungi (p < 0.05)
as well as the fungi-to-bacteria ratio (p < 0.001) in the long term were lower than those in
the short term (Figure 3a). Nighttime warming did not change the composition of any of
the microbial groups in either short or long terms (all p > 0.05, Table 1), whereas daytime
warming reduced the relative abundance of fungi by 6.28% (p < 0.05) and the ratio of fungi

to bacteria by 6.76% (p < 0.01) in the long term only (Figure 3b).
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Figure 2. Annual mean relative abundance of bacteria (a), Gram-positive bacteria (b), fungi (c),
arbuscular mycorrhizal fungi (AMF, (d)), fungi-to-bacteria ratio (F/B ratio) (e), and Gram-negative
bacteria to Gram-positive bacteria ratio (G—/G+ ratio) (f) under the 4 treatments in 2006, 2007, 2011,
2012, and 2015 (M =+ 1 SE, n = 4). See Figure 1 for abbreviations.
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Figure 3. Comparison of microbial compositions between short- (2006 and 2007) and long-term (2011,
2012, and 2015) warming (a) and daytime warming-induced changes in the relative abundance of
fungi and the fungi-to-bacteria ratio (F/B) (b). Each blank column in Panel a represents the mean
value of 2006 and 2007, and each gray column in Panel a represents the mean value of 2011, 2012, and
2015. Significance levels: * p < 0.05, ** p < 0.01, and *** p < 0.001.
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3.3. Relationships of Microbial Composition with Soil Microclimate and Plant Cover

Grass cover was not affected by daytime warming but was significantly reduced by
19.2% (Figure S3a, p < 0.05, Table S1) under nighttime warming in the long term. Forb
cover was suppressed by 8.89% and 22.5% (both p < 0.05) under daytime warming in the
short and long term, respectively, but remained unchanged under nighttime warming
(Figure S3b). Legume cover was increased by 82.8% (p < 0.01) under daytime warming in
the short term but was not changed under nighttime warming (Figure S3c).

The relative abundance of G+ bacteria positively depended on soil moisture (Figure S4a,
R?2=0.32, p < 0.001), but negatively related to grass cover (Figure S4b, R? =0.34, p <0.001),
whereas G— bacteria linearly reduced with increasing soil moisture (Figure S4e, R? = 0.60,
p < 0.001) and legume cover (Figure S4h, R? = 0.21, p < 0.001), but enhanced with increasing
grass cover (Figure S4f, R? = 0.39, p < 0.001). The relative abundance of fungi showed negative
linear dependence on grass cover (Figure 4a, R% =0.16, p <0.001) over the 5 years, but was
not related to forb or legume cover (Figure 4b,c, both p > 0.05). The ratio of fungi to bacteria
linearly decreased with grass cover (Figure 4d, R? = 0.45, p < 0.001) and increased with legume
cover (Figure 4f, R2=0.09, p <0.01), but was not correlated with forb cover (Figure 4e, p > 0.05).
Both the relative abundance of fungi (Figure S6a, R? = 0.12, p < 0.001) and fungi-to-bacteria
ratio (Figure Séc, R? = 0.37, p < 0.001) positively depended upon soil temperature, but only the
fungi-to-bacteria ratio was positively related to soil moisture (Figure S6d, R? = 0.39, p < 0.001).
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Figure 4. Dependences of the relative abundance of fungi (a-c) and the ratios of fungi to bacteria
(d—f) on plant cover of grass (a,d), forb (b,e), and legume (c,f). Each data point represents the mean
annual value in each plot in the short (2006 and 2007) and long term (2011, 2012, and 2015). The solid
lines and shaded areas describe linear regressions and 95% Cls.

3.4. Controls of Abiotic and Biotic Factors on Soil Microbial Composition

Redundancy analysis (RDA) revealed the correlations among different treatments,
soil microclimate, and plant functional groups, with the first and second canonical axis
explaining 87.6% and 2.3% of the variance, respectively (Figure 5a). Grass cover, soil
temperature, and moisture were the dominant factors influencing microbial variations,
accounting for 8.91% (p < 0.01), 7.40% (p < 0.05), and 4.81% (p < 0.05) of the increase in
mean square error (InMSE) based on random forest model analysis (Figure 5b).

The results of SEM analysis showed that under daytime warming, the increased soil
temperature directly changed microbial composition as revealed by the fungi-to-bacteria
ratio (standardized direct effect was 0.472, Figure 6a), and indirectly affected it through the
changes in soil moisture and grass cover (standardized indirect effect was 0.024, Figure 6a).
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Under nighttime warming, the ratio of fungi to bacteria was significantly correlated with
nighttime soil temperature only (standardized total effect was 0.412, Figure 6b).
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Figure 5. Redundancy analysis (RDA) (a) among soil temperature (ST), soil moisture (SM), plant
(grass, forb, and legume) cover and different treatments, and random forest analysis (b) for important
predictors of the fungi-to-bacteria ratio. ST, soil temperature; SM, soil moisture. Significance levels:
*p <0.05, ** p <0.01. See Figure 1 for abbreviations.
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Figure 6. Structural equation models of the direct and indirect effects of daytime soil temperature on
the fungi-to-bacteria ratio under daytime warming (a) and nighttime soil temperature on the fungi-
to-bacteria ratio under nighttime warming (b). The solid and dashed arrows represent significant
(p <0.1) and non-significant (p > 0.1) paths. Orange and black arrows represent positive and negative
paths. The width of the arrow indicates the strength of the relationship. Numbers adjacent to arrows
are standardized path coefficients and are indicative of the effect size of the relationships. The final
model fits the data well, as suggested by the chi-square and RMSEA values ((a), x> = 4.622, p = 0.706,
RMSEA =0, df =7; (b), x% = 4.035, p =0.776, RMSEA = 0, df = 7). Significance levels: ~p < 0.1,
*p <0.05,* p <0.01, *** p < 0.001. See Figures 1 and 5 for abbreviations.

4. Discussion
4.1. Short-and Long-Term Warming on Soil Microbial Composition

The obvious interannual variation in soil microclimate and some microbial groups
(e.g., G+ and G— bacteria) found in our study can be mainly attributed to the changes in
precipitation amounts, the natural succession of plant communities, and the potential inter-
actions among different microbial components (Figures 52-55). Our results that long-term
rather than short-term warming decreases fungal abundance and alters microbial compo-
sition revealed by the fungi-to-bacteria ratio agree with previous findings that warming
effects on soil microbial communities mainly depend on treatment duration [9,26], with
unchanged microbial biomass, diversity, and composition observing in several short-term
(e.g., 1-6 years) warming experiments [9,26,27]. This can be explained by several possible
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reasons: First, the moderate elevation of soil temperatures (<1 °C) during the first two years
found in our study might not be sufficient to induce a significant response in the microbial
community due to the wide range of microbial adaptation [9,26]. Second, although soil
moisture, forb, and legume cover vary with short-term warming, they may have legacy
effects on the soil microbial community because of the strong resistance and functional
redundancy [8,9]. Third, the assembly and stabilization of the soil microbial community
experienced considerable long-term environmental fluctuations, which partially explains
the weak response of soil microorganisms to short-term warming [28].

In addition, the reductions in fungal abundance and consequent fungi-to-bacteria
ratio under long-term warming can be attributed to the changes in soil microclimate and
increased cover of grasses (Figures 4, 5, S6 and S8), which agrees with our Hypothesis 1.
Previous studies have found the suppressed competitive ability of some grasses decreased
microbial biomass and C use efficiency under warming in this temperate steppe [8,19], but
no linkages between above- and below-ground components were examined. The dominant
grass species in this grassland, such as Achnatherum Sibiricum, Agropyron Cristatum, and
Stipa Krylovii, typically have taller stature but shallower root distributions than forbs
and legumes; therefore, the presence of these species may lead to lower soil temperature
because of the shading effect and have subsequent impacts on microbial activity in surface
soils. Moreover, warming can reduce organic C inputs through grass litter [29] which
decreases substrate availability, thereby decreasing fungal activity and saprotrophic fungal
proportions [7]. Overall, our study not only suggests the close association between soil
microbial composition and grass cover but also indicates that fungi respond to long-term
warming more sensitively than bacteria in this semi-arid grassland.

4.2. Asymmetrically Diurnal Warming on Soil Microbial Composition

The observations of decreased fungal abundance and the fungi-to-bacteria ratio under
daytime warming in the long term do not agree with our Hypothesis 2 and previous find-
ings that nighttime warming increases fungal diversity and changes microbial composition
and C use efficiency [8,19,21]. Two potential mechanisms may account for the daytime
warming-induced reduction in fungal abundance. First, the enhancement in microbial
metabolism and water consumption under daytime warming might lead to rapid exhaus-
tion of C substrates, thus inducing an inhibition of microbial activity. Given that soil fungi,
especially the saprotrophic lineages, are important decomposers of soil organic matter [30],
the decreased water can significantly suppress the abundance of the fungal community.
Second, because of the key role of plant growth in triggering microbial variations, the
competition between root absorption and microbial activity for nutrients in soils may
limit the growth of fungi which usually colonize plant rhizospheres [8,31]. Nighttime
warming-induced overcompensation of plant photosynthesis also improves the substrates’
utilization of plant roots in the daytime and further reduces fungal abundance [8,15,19,20].

The stronger impacts of warming on fungi than bacteria have been widely reported [32,33].
One possibility is that most fungi have higher C assimilation efficiency and metabolic ability
than bacteria, hence the warming-induced decrease in soil water availability could significantly
inhibit the growth and activity of fungi, showing greater suppression on the biomass and
diversity of fungi, especially in our experimental grassland which is largely water limited [23].
A reduction in plant litter residues with higher cellulose contents under warming can also lead
to a decline in saprotrophic fungal abundance [34,35]. In addition, although AMF is important
in facilitating plant nutrient absorption and usually shows sensitive responses to warming [36],
the unchanged AMF abundance observed in our study might contribute to their different
temperature optima [37] and the direct nutrient acquisition process because they are obligate
symbionts that can receive growth substrates from host plants.

4.3. Implications

Climate warming can result in soil C loss (release more CO; to the atmosphere) by
stimulating microbial respiration and improving microbe-mediated mineralization of soil
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C stocks [35,38]. As the important component of soil respiration, microbial respiration
is always thought to be closely associated with their biomass in most studies. However,
the insignificant correlation between soil respiration and microbial biomass C, and the
negative dependence of soil respiration on the fungi-to-bacteria ratio observed in our study
suggest that microbial composition may be more important than biomass in regulating soil
respiration under long-term warming (Figure 7). These findings indicate that changes in
microbial composition in response to climate warming are critical for ecosystem C cycling
in the semi-arid grassland and can provide new insights to predict the climate-C feedback
in terrestrial ecosystems.
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Figure 7. Dependence of soil respiration on microbial biomass C (MBC, (a)) and the fungi-to-bacteria
ratio (F/B ratio, (b)) across spatial scales. Each data point represents the 5-year mean value of each
plot. The solid lines and shaded areas describe linear regression and 95% Cls.

5. Conclusions

Climate warming has both direct and indirect effects on soil microbial composition
with implications for soil respiration in the temperate steppe. Our study shows that long-
term rather than short-term warming has significant impacts on soil microbial composition,
which can be attributed to the changes in soil microclimate and grass cover. The decreases in
fungal abundance and the fungi-to-bacteria ratio under long-term daytime warming instead
of nighttime warming observed in this study are also mainly driven by the increased soil
temperature, reduced soil moisture, and improved grass cover. Our findings indicate that
microbial composition may be more important than microbial biomass in regulating soil
respiration under long-term climate warming, which will facilitate an accurate assessment
of climate warming-C feedback in terrestrial ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biology12050699 /51, Figure S1: Warming-induced changes in
soil temperature from 0:00-23:00 on each day (a) and from 1 May to 31 October during the growing
season in each year (b) at a depth of 10 cm. Mean soil temperature (M + 1 SE, n = 4) during short term,
long term, and all 5 years (c). C, control; D, daytime warming; N, nighttime warming; and W, diurnal
warming; Figure S2: Dependences of soil moisture on precipitation amount in August in 2006, 2007,
2011, 2012, and 2015. Each data point represents the mean annual value in each plot. The solid lines
and shaded areas describe linear regressions and 95% Cls; Figure S3: Annual mean grass (a), forb
(b), and legume cover (c) under the 4 treatments in 2006 2007, 2011, 2012, and 2015 (M 4+ 1 SE, n = 4).
See Figure S1 for abbreviations; Figure S4: Dependences of the relative abundance of Gram-positive
(G+; a—d) and Gram-negative (G—; e-h) bacteria on soil moisture (a,e) and plant cover of grasses
(b,f), forbs (c,g), and legumes (d,h). Each data point represents the mean annual value in each plot.
The solid lines and shaded areas describe linear regressions and 95% Cls; Figure S5: Dependences of
the relative abundance of fungi on bacteria (a), G+ bacteria (b), G— bacteria (c), and G—/G+ ratio
(d). Each data point represents the mean annual value in each plot. The solid lines and shaded
areas describe linear regressions and 95% Cls; Figure S6: Dependences of the relative abundance of
fungi (a,b) and the ratio of fungi to bacteria (c,d) on soil temperature (a,c) and moisture (b,d). Each
data point represents the mean annual value in each plot in the short (2006 and 2007) and long term
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(2011, 2012, and 2015). The solid lines and shaded areas describe linear regressions and 95% Cls;
Figure S7: Dependences of grass (a,b), forb (c,d), and legume cover (e,f) on soil temperature (a,c,e)
and moisture (b,d,f). Each data point represents the mean annual value in each plot in the short
(2006 and 2007) and long term (2011, 2012, and 2015). The solid lines and shaded areas describe
linear regressions and 95% ClIs; Figure S8: Dependences of warming-induced changes in the relative
abundance of fungi (a—e) and the ratio of fungi to bacteria (f-) on warming-induced changes in
grass cover (a,f), forb cover (b,g), legume cover (c,h), soil temperature (d,i), and moisture (e,j). Each
data point represents the mean annual value in each plot in the short (2006 and 2007) and long term
(2011, 2012, and 2015). The solid lines and shaded areas describe linear regressions and 95% Cls;
Table S1: Results (F-values) of repeated measures ANOVA on the effects of daytime warming (D),
nighttime warming (N), and year (Y) on plant functional community (grass, forb, and legume) cover
in the short (2006 and 2007) and long (2011, 2012, and 2015) term.
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Simple Summary: Western honeybees have been introduced across China, yet their effects
on native pollinators in alpine meadows remain unclear. We compared native bee abun-
dance and diversity close to and far from apiaries on the eastern Tibetan Plateau, analyzing
plant-bee networks and niche overlap (apparent competition) between honeybees and
native species. The results show that native bee abundance in distant plots and their niche
overlap with honeybees explain interspecific variations in species abundance changes.

Abstract: Over the past few decades, the western honeybee (Apis mellifera) has been
widely introduced throughout China. Introduced honeybees have often been observed
to pose a significant threat to native bee species diversity through competition for floral
resources. However, the specific impact on native pollinator communities is not well
understood, especially in alpine meadows, where bee diversity is particularly high. In
this study, we determined the difference in species abundance and diversity of native
bees between nearby and distant plots relative to apiaries in alpine meadows on the
eastern Tibetan Plateau. We constructed a plant-bee network and calculated perceived
apparent competition (i.e., the feeding niche overlap) between the introduced honeybees
and each of the native bee species. Furthermore, we determined the relationship between
the relative change in species abundance and the perceived apparent competition and
species abundance across bee species. Among the 15 native bee species, 9 bee species
were significantly lower in abundance in the nearby plots compared to the distant plots,
and, in particular, 5 rare species were not found in the nearby plots. For the other six
species, the abundance difference was statistically non-significant. Data analysis reveals
that the species abundance of native bees in distant plots, along with the feeding niche
overlap between introduced bees and native bees in distant plots, explains the variation in
the relative change in species abundance across bee species. However, the feeding niche
overlap between introduced bees and native bees in nearby plots does not account for this
variation. Our findings demonstrate that rare native bee species with greater feeding niche
overlap have been significantly impacted by the introduced western honeybees. These
results highlight important implications for pollinator management in natural ecosystems
and the conservation of wild bees.

Keywords: alpine meadow; Apis mellifera; native bee; niche overlap; plant-pollinator
interactions; pollination network; rare species; Tibetan Plateau
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1. Introduction

The western honeybee (Apis mellifera) is one of the earliest domesticated insects. It
is the primary species maintained by beekeepers worldwide for its honey production
and pollination services [1]. Through human assistance, the western honeybee has been
introduced to every continent except Antarctica [2]. It was introduced to China in the late
19th century and has since become a common species in beekeeping. Several subspecies,
such as Apis mellifera ligustica and A. mellifera carnica, are prevalent. Currently, China has
approximately 6.8 million colonies of western honeybees and over three hundred thousand
beekeepers. Beekeepers migrate hives from southern to northern regions and from lowland
to high-altitude areas across the country [3,4]. While providing pollination services to
crops and producing honey and other hive products for commercial markets, the western
honeybee also has negative impacts on wild pollinators [5,6].

As a eusocial insect, the western honeybee is recognized as a highly impactful invasive
species [7]. This is due to its ability to rapidly exploit resources, such as nectar and
pollen, with a coordinated group of foragers in its introduced range. This exploitation
leads to significant ecological impacts on wild pollinators through competition for food
resources in natural ecosystems [5]. For instance, in North America, the introduction of Apis
mellifera has caused intense competition with native bumblebees (Bombus spp.), resulting in
population declines as resources are depleted for native bee species [8]. Additionally, the
introduced honeybees can have indirect effects on native pollinators. In South America, for
example, the presence of Apis mellifera has altered the pollination dynamics of native plants,
favoring those that are more attractive to honeybees. This shift can reduce the diversity of
plant species that rely on native pollinators, potentially altering community composition
and function.

However, not all native pollinator species experience the same degree of abundance
decline in honeybee-invaded ecosystems. Several factors contribute to this variation. First,
differences in ecological niches play a role, as some native pollinators specialize in specific
plants or resources that are less preferred by honeybees, thereby reducing competition [9-11].
For example, native pollinators that specialize in deep, tubular flowers, are less affected
by introduced honeybees, which prefer more accessible flowers [10]. Additionally, native
pollinators with different activity patterns, such as those that forage earlier in the morning or
later in the evening when honeybees are less active, may experience reduced competition [12].
Second, differences in species abundance influence the extent of impact. Rare pollinators
with lower densities are typically more sensitive to the dominant invaders compared to
common pollinators with higher densities [13,14]. This is likely because rare pollinators
often interact with specific resources, which are often a subset of those utilized by generalist
honeybees, leading to intensified competition [15]. Furthermore, the introduced honeybees
may alter plant community composition and structure, potentially decreasing the abun-
dance of plants preferred by some rare pollinators [16]. In contrast, common pollinators,
with broader ecological niches, are often more adaptable to changes in resource availability
caused by introduced honeybees [11]. With this in mind, we can hypothesize that (1) native
bee species with greater niche overlap with introduced honeybees would experience greater
declines in abundance in the presence of introduced bees, and that (2) rare species with
lower densities would experience greater declines in abundance compared to common
species with higher densities.

Native pollinators can also adapt to the presence of introduced western honeybees
by shifting their ecological niches [17]. For example, native pollinators may reduce di-
rect competition with honeybees by altering their foraging times, diet preferences, or
habitat use. Behavioral shifts, such as foraging at different times of the day or focusing
on alternative underutilized floral resources, can allow native pollinators to coexist with
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introduced honeybees [11,18,19]. Over generations, native pollinators that successfully
shift their ecological niches may gain a survival advantage, making their populations
more resilient to the presence of introduced honeybees. However, previous studies have
largely overlooked the importance of niche shifts in shaping native pollinator population
dynamics. These studies typically predict changes in native pollinator abundance based
on the niche overlap (perceived apparent competition) between introduced honeybees
and native pollinators in the introduced areas, rather than considering the niche overlap
between introduced honeybees in introduced areas and native pollinators in their native
areas [11,16]. This approach may underestimate the niche overlap between introduced
and native bees, thereby reducing the ability to predict the invasive honeybee’s impact
on native pollinators. Consequently, we can hypothesize that (3) niche overlap between
invasive honeybees in introduced areas and native pollinators in their native habitats is a
stronger predictor of invasive honeybees’ impact on native pollinators than niche overlap
within invaded areas.

In this study, we investigated the abundance response of native bees to the introduced
western honeybee in alpine meadows on the eastern Tibetan Plateau, where native bee
species diversity is particularly high [20]. We compared the species abundance of 15 native
bee species between sites close to beekeeper hives (with high densities of introduced bees)
and sites far from beekeeper hives (with low densities of introduced bees). According to the
aforementioned hypotheses, we predicted that the abundance decline would be greater in
the native bee species with greater niche overlap with introduced honeybees and in the rare
species with lower densities compared to their counterparts. Additionally, considering the
possibility of niche shift in native bee species in response to the introduced honeybees, we
predicted that niche overlap between invasive honeybees in introduced areas and native
pollinators in their native areas would better predict the invasive honeybee’s impact on
native pollinators compared to niche overlap within the invaded areas.

2. Materials and Methods
2.1. Study Site and Natural History

This study was conducted in an alpine meadow located on the Qinghai-Tibet Plateau
in Sichuan Province, China (32°48’ N, 102°33’ E, 3500 m a.s.1.). The region experiences a
typical continental plateau climate, characterized by short, cool summers and autumns,
and a long winter. The annual mean air temperature is 1.7 °C, and annual precipitation
ranges from 450 mm to 900 mm, with most precipitation occurring during the growing
season from late May to September [21].

The study site is dominated by sedges (Kobresia setchwanensis, Carex spp.), grasses
(Deschampsia caespitosa, Festuca ovina and Elymus nutans), and forb species (Saussurea ni-
grescens, Polygonum viviparum, Carum carvi, Pedicularis kansuensis and Anemone trullifolia var.
linearis). The primary vegetation type is an alpine meadow, with total vegetation coverage
exceeding 95% and plant height averaging ~30 cm [22].

The grassland serves as a summer or winter pasture. The winter pasture, used as
our study site, is grazed by livestock during the winter only. Additionally, the study site
experiences intense apiculture during the summer due to the abundance of nectar-rich
species, including Asteraceae, Lamiaceae, Boraginaceae, Umbelliferae, and Fabaceae [23].

Since the 1980s, the number of domesticated honeybees (Apis mellifera) has increased
significantly in Hongyuan County. Honeybees cannot overwinter on the plateau, so
beekeepers move hives from other regions to the meadows during the growing season
(May to September). It is estimated that there are currently ~300 beekeepers and approxi-
mately 80 million honeybees every summer on the winter-grazing pasture, covering about
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1500 km? of the county. The estimated annual honey production ranges between 40 and
60 tons [24].

2.2. Field Sampling

In 2023, we selected three apiaries as reference sites. Each apiary has been operational
for over 30 years, with at least 40 hives per year [24]. We chose three plots near the apiaries
and three plots distant from them, each plot covering >1 ha. Apiaries were spaced >2 km
apart, with paired experimental plots (nearby vs. distant relative to an apiary) separated
by >10 km. A. mellifera becomes extremely rare when sites are >6 km from the apiary, no A.
mellifera was observed or captured in the distant plots during any survey. Furthermore, the
plant community was dominated by Asteraceae in each plot.

Field sampling involved the use of light muslin sweep nets (38 cm diameter,
180 cm handles) to survey the abundance of introduced and native bees. We conducted
five surveys at approximately two-week intervals for each plot. For each survey, sweeping
was performed three times; each sweeping was conducted at a constant speed for 50 nets.
All sweepings were carried out in the central area of each plot. Sampling occurred between
11:00 am and 3:00 pm on sunny days. All bees collected in the nets were identified and
recorded based on morphological traits. Unidentified species were taken to the laboratory
for taxonomic identification.

We calculated the sum and average abundance values across the five surveys for each
plot and determined the relative species abundance of native bees for both nearby and
distant plots using the average data from the three sites. During the flowering season (late
June to early September), we conducted ten surveys at approximately ten-day intervals
for each community. For each survey, we collected all flower-visiting bees (Hymenoptera:
Apoidea) by walking along three prearranged transects (100 m in length, 2 m in width)
within each plot. Surveys were conducted between 9:30 am and 4:30 pm on sunny days. We
captured >15 individuals for each bee species in each plot, and these samples were taken to
the laboratory for palynological analysis. A total of 656 bee individuals were collected, and
2203 bee individuals were recorded during sweeping. Among native bees in the distant
plots, Andrena tarsata was the most abundant species (22.54% relative abundance), while
Sphecodes sp. was the rarest (0.35% relative abundance). Nine bee species had relative
abundances below 5%, so they were classified as rare.

In addition, we surveyed the flowering plant community five times with two-week
intervals during the flowering season (late June to early September) in each plot. For each
survey, we randomly placed twenty-five 1 m x 1 m quadrats in each plot. We recorded the
number of flowers or inflorescences for each plant species in each quadrat, and calculated
flower abundance for each plant species.

2.3. Identification of Pollen Carried by Bee Individuals

For palynological analysis, we sampled pollen grains from all collected bee individu-
als. Each insect specimen was bathed in 95% ethanol in a centrifuge tube using an ultra-
sonic cleaner for ten minutes. Each bathed bee was removed and preserved in a second
co-referenced tube in 95% alcohol. The pollen samples remaining in the first tube were
centrifuged at 5000 rpm for 10 min, and the supernatants were decanted. Each pollen sample
was then placed on slides with a micropipette. We identified the pollen contained on the
slides at 100 and 400 x magnifications using a light microscope (Nikon, E600) by comparing
them to a pollen reference library constructed from field-collected and identified flowers.

To construct the pollen library, we collected 95 flowering plant species from the alpine
meadow throughout the flowering season. The dehisced anthers from each flower were
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suspended in 95% ethanol and photographed under a microscope using the same method
as described above.

An insect specimen was considered to be a potential pollinator of the plant species if a
minimum of 3 grains of the same pollen morphotype were observed. We used a slightly
lower number of pollen grains than other authors to define interactions [25], because some
plant species may have less pollen on individuals of the same bee species in the interactions
that have been identified (e.g., some Asteraceae, personal observation by Ruimin An).

2.4. Perceived Apparent Competition

The collected individuals were identified to 15 different species, including the intro-
duced A. mellifera, 4 Apidae species, 1 Megachilidae species, 3 Andrenidae species, and
7 Halictidae species (Table Al). Ten native bee species were found in both the nearby and
distant plots, and five species were found in the distant plots only. Moreover, among the
bee species observed in both nearby and distant plots, 6 species are common, having a
higher abundance, whereas 9 species are rare with a lower abundance.

We constructed quantitative pollen transport networks (bee species in rows and plant
species in columns) for each plot. The strength of each interaction was calculated as the
number of individuals collected carrying pollen of the visited plants [25]. The plant and bee
species that had no interaction partners were removed from the pollen transport networks.
We combined ten surveys in each plot and constructed 6 networks from these six plots.

We calculated perceived apparent competition (PAC) for each network using the
bipartite package [26,27] in R version 4.2.1 (R Core Team, 2022). Perceived apparent com-
petition (PAC) estimates the degree of niche overlap between two species using Miiller’s
index [28,29]. In this study, we only considered the PAC between A. mellifera and each
native bee species. For all pairwise comparisons of A. mellifera against each of native bee
species, we calculated Miiller’s index as

Nk DC]‘k
d;; = B x , 1
K Zk:[xﬂxil Yom Kk @

where a;; presents the number of interactions between pollinator i and plant k, a;; represents
the number of interactions by pollinator i across all plants I, aj, represents the number of
interactions between pollinator j and plant k, and «,,; represents visits to plant k from all
pollinators m.

Miiller’s index is sensitive to the relative abundance of competing species. Therefore,
we used the number of bee specimens involved in constructing the pollen transport net-
works to adjust the strength of each interaction before we calculated PAC. We calculated
the new number of each interaction as

ny = ny/Ax/ (2)

where A, represents the individuals of pollinator x involved in constructing each network,
and Py, represents the number of interactions between pollinator x and plant y in each
past network. As for the A. mellifera, Ay represents the average number of individuals
involved in constructing three networks. Py, represents the number of interactions between
A. mellifera and plant y in each network. Both Ny, and Py, are the same in six networks.
For PAC calculations between a native bee species and Apis mellifera, we first developed
a pollination network matrix exclusively comprising these two species. We then applied the
second formula to this matrix to calculate interaction strengths under conditions of equal
abundances. Finally, these interaction strengths were substituted into the first formula
to determine the PAC metric. We calculated two PAC values for each native bee species
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using the reconstructed interaction frequencies (Ny;). One is PACc, representing the niche
overlap between the introduced and native bee species in the nearby plots, and the other is
PACp, representing the niche overlap between the introduced bee and native bee species in
the distant plots.

2.5. Data Analysis

All analyses were conducted using R 4.4.1 (R Core Team, 2024). The networks were
visualized using the plotweb function from the bipartite R package v.2.16. Prior to modeling,
we examined the distributions of the variables.

We determined whether the presence of A. mellifera was associated with changes in
native bee abundance using separate generalized linear models (GLMs) fitted with a negative
binomial distribution for each native bee species. We included plot type (nearby vs. distant)
as a fixed predictor with the abundance of native bee species as the response variable.

We calculated the relative change in abundance for each native bee species as the
abundance difference between nearby and distant sites divided by the bee abundance at
distant sites. To compare the predictive performance of PACc and PACp for the relative
change in bee abundance, we assessed whether PAC¢ or PACp was associated with the
relative change in bee abundance using separate generalized linear models (GLMs) fitted
with a Gaussian distribution for two types (nearby vs. distant) of plots. Moreover, to
determine whether rare species are more sensitive to the introduction of western honeybees,
we assessed whether the abundance of native bee species in the distant plots was associated
with the relative change in bee abundance using generalized linear models (GLM) fitted
with a gaussian distribution.

To determine to what extent species abundance and PACp affected the abundance
change induced by the introduced honeybees, we assessed whether species abundance
in the distant plot, PACp, and their interactions were associated with the relative change
in native bee abundance using generalized linear models (GLM) fitted with a Gaussian
distribution. We included bee abundance in distant plots, PACp, and their interactions as
predictors and the relative change in abundance as a response variable.

To examine whether native bees changed their feeding niches, we conducted a per-
mutational analysis of variances (PERMANOVA) on the Bray—Curtis dissimilarity matrix
including the diet preference of the six common species. Bee diet preference was calculated
as the proportion of links for each plant to the total number of links. We combined adjacent
samples to ensure consistency of variables. The PERMANOVA was run with 999 permuta-
tions using the “adonis2” function in the R package vegan v. 2.6—4 [30]. The dissimilarity in
native bees’ niches between nearby and distant plots was also computed using non-metric
multidimensional scaling (NMDS) with Bray—Curtis distance and the “metaMDS” function
in the R package vegan v. 2.6—4 [30].

To further investigate the similarity in flowering plant species composition across
six communities, we performed a permutational analysis of variances (PERMANOVA)
on the Bray—Curtis dissimilarity matrix including the flower abundance for each species.
The PERMANOVA was run with 999 permutations using the “adonis2” function in the
R package vegan v. 2.6-4 [30]. Additionally, we assessed the dissimilarity in flowering
plant species composition across six communities using non-metric multidimensional
scaling (NMDS) with Bray—Curtis distance. The NMDS analysis was carried out using the
“metaMDS” function in the R package vegan v. 2.6—4 [30].
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3. Results
3.1. The Plant—Bee Interaction Network

Using pollen analysis on the pollen loads carried by the bees, we determined
858 interactions between individual bees and plants. There was a total of 133 species pair
interactions in total (Figure 1). Among all native bee species, the most generalist pollinator
was Andrena tarsata, visiting 22 plant species (41.5% of floral taxa recorded), whereas the
extreme specialist Sphecodes sp. exclusively foraged on a single plant species (Angelica
dahurica). Additionally, the PERMANOVA and NMDS analyses indicated no significant
differences in flowering plant species composition among the six communities (Figure Al).

P33
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Figure 1. Illustration of a plant-bee network based on the examination of pollen carried by bees in
(a) distant plots and (b) nearby plots. Top nodes represent pollinators, and bottom nodes represent
plants. The width is proportional to the frequency of particular pollinators visiting plants. The
introduced A. mellifera (B16) is shown in red. The bee and plant species identities are listed in
the Appendix A.

3.2. The Difference in Native Bee Species Abundance Between Nearby and Distant Plots

For 6 common species, the presence of A. mellifera significantly decreased the abun-
dance of the four species. There was no statistically significant difference in the abundance
of the two common species between the nearby and distant plots (Figure 2a). Five rare
bee species were found only in distant plots, and the other four bee species remained
unchanged by the introduced honeybees (Figure 2b).
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3.3. PAC and Species Abundance on Relative Change in Bee Abundance

Across all species that were found in both nearby and distant plots, PACp showed a sig-
nificant positive relationship with the relative change in bee abundance decline (Figure 3a),
whereas PAC( exhibited no significant relationship with the relative change (Figure 3b).

Across all species, species abundance in the distant plots showed a significant negative
relationship with the relative change in bee abundance (Figure 3c).
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Figure 2. The difference in species abundance of (a) 6 common bee species and (b) 9 rare species
(5 of which were found in the distant plots only) between nearby and distant plots. Error bars
represent standard deviation. * p < 0.05; ** p < 0.01; ** p < 0.001. Species names are provided in
the Appendix A.

In addition, both species, abundance in the distant plot and PACp, significantly affected
the relative change in bee abundance, but their interaction effect was non-significant
(Table 1).
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Table 1. Effects of species abundance, PACp, and their interaction on the relative change in species
abundance for 15 native bees (residual standard error: 0.1575 on 11 degrees of freedom; Adjusted
R?: 0.778). * p < 0.05. N = 15.

Response Predictor Estimate df p
Relative change of Species abundance —0.024 1 0.036 *
species abundance PACp 1.476 1 0.002 *

Interaction 0.036 1 0.432
@ 100l Re=0305 P=0033 ® ° o

Relative change of species abundance

PACistant
b
(b) R?=0.098 P=0.379 °©
Q
o °
c
©
-8 06 °
=]
a
©
0
2 °
(3]
(9}
Q
n o
B o4
g °
c
©
< 3
o
[}
= °
=
K
o 02
12 o
°
00 01 02 03
PACose

—
)

1.00 ® ooo

R2=0.429 P=0.008

Relative change of species abundance

Species abundance

Figure 3. The relationship between relative change in bee abundance vs. (a) PACp, (b) PACc and
(c) bee species abundance in the distant plot across native bee species. N = 15 for both (a,c); N = 10
for (b) because of species loss in the nearby plots.
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3.4. The Shift in the Feeding Niche of Native Bees

The PERMANOVA and NMDS analysis showed that significant changes in feeding
niche occurred in Lasioglossum spl and Andrena tarsata (Figure A2).

4. Discussion

We have shown that among the 15 native bee species we investigated, 9 exhibited
significantly lower abundance in distant plots compared to nearby plots where western
honeybees (Apis mellifera) had been introduced to the alpine meadows of the Tibetan
Plateau. Notably, five rare native bee species were not detected in the introduced areas.
Given the similarity in flowering plant species composition between nearby and distant
plots, our findings suggest that the introduced honeybees had a significantly negative
impact on native pollinators in natural ecosystems. The differences in this negative effect
among species are likely due to variations in species abundance and the degree of niche
overlap between native bees and introduced honeybees. These results highlight the critical
importance of understanding ecological interactions involving invasive species, as they
can have unintended consequences on local biodiversity.

Floral resources are often a key limiting factor for bee reproduction [31-33] and
population growth [34-36], although parasitism and nest site availability are sometimes
more important limiting factors [37,38]. The introduced honeybees have been demonstrated
to be highly efficient pollen and nectar foragers and are able to outcompete many native
bees by constraining pollen collection and offspring provisioning [39,40]. Consistently, our
data show that most of the studied bee species were significantly and negatively impacted
by the introduced honeybees. Moreover, some native bees, even if they shift their diet, they
still suffer abundance decline, because they are forced to forage on less nutritious plants,
spend more time searching for resources that are unoccupied or have not yet been depleted,
or foraging further from their nests [11,41-45].

However, the effect of the introduced honeybees was different among native bees.
As predicted, perceived apparent competition, a measure of niche overlap, can be used
to predict the population dynamics of native bees. This is similar to the finding that the
performance of the native generalist megachilid Osmia pumilia, which had a higher resource
overlap with the introduced honeybees (A. mellifera), was more detrimentally affected
than other native Osmia species having a lower resource overlap [46]. Consistently, in the
study, the degree of niche overlap between native bees and the introduced honeybees was
positively correlated with the degree of decline of native bee abundance. Specifically, the
presence of the A. mellifera had no significant effect on the abundance of the two bumble
bees, which have the least niche overlap with the introduced honeybees. This is because
only bumble bees can utilize the plant species with complex floral morphologies (e.g.,
tubular, funnel-shaped, and campanulate corollas), as found in temperate, arctic, and
alpine zones of the Northern Hemisphere [9,10]. The depth of the floral tube in these plants
has been selected to correspond to the proboscis length of bumble bee species, leading to
specialized mutualisms with specific bumble bee species [10]. In the current study, they
did have a lower PAC with A. mellifera compared to other native bees, although bumble
bees might have competed with A. mellifera by visiting abundant Asteraceae plants (e.g.,
Saussurea nigrescens).

It is worth noting that PACp, but not PAC¢, can successfully predict the interspecific
difference in abundance decline among different native bee species. This is presumably
because some native bees might have shifted their feeding niche in invaded sites, which
might broaden their diet to improve their survival and reproduction, or narrow their diet
breath to reduce population size. Indeed, the rare honeybee species are also observed
to experience diet change in response to the introduced honeybees. For example, the
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species Andrena tarsata became more specialized at sites with A. mellifera, and it visited
a lower proportion of available plant species in the invaded sites. Similarly, the other
species Lasioglossum sp1 also showed a reduction in the proportion of links to plants visited
primarily by A. mellifera, and an increase in the proportion of links to plants not primarily
visited by A. mellifera, in response to competition for resources by A. mellifera. Such a diet
shift is similar to those observed in other studies [15,47].

The difference in the effect of introduced honeybees can also be explained by species
abundance. As predicted, the abundance of rare species disproportionally more rapid than
that of common species. Notably, five endemic species were found to have disappeared
in the invaded sites. One potential cause leading to the disappearance is that the rare
species occupy similar and little differential feeding niches to superior competitors of
common species including the introduced species. Indeed, except for few exclusive floral
resources, these rare and endemic species are observed to visit common plant species
including Saussurea nigrescens, Allium chrysanthum, Taraxacum sikkimense, Angelica apaensis,
which are also visited by the introduced honeybees. Consistent with previous studies,
rare pollinators with lower densities are typically more sensitive to the dominant invaders
compared to common pollinators with higher densities [13,14]. This is likely because rare
pollinators often interact with specific resources, which are often a subset of those utilized by
generalist honeybees, leading to intensified competition [15]. Once the abundance of these
rare species declined due to competition with the generalist introduced honeybees, they
likely experienced local species loss rapidly because of environmental and demographic
stochasticity [48].

It must be noted that, theoretically, our methodology—comparing nearby and distant
plots—cannot exclude the possibility that the observed differences in native bee abundance
were due to initial differences in plant and pollinator communities. This is because we lack
pre- and post-apiculture data for the same sites [16,49]. However, in the current study, the
flowering plant species composition was similar across all plots, and the soil within each
plot is classified as meadow soil according to the Chinese soil classification system [50].
Based on these factors, we attribute the observed decline in native bee abundance to the
introduced honeybees.

5. Conclusions

Our study demonstrates that, among 15 native bee species investigated, 9 species had
a significantly lower abundance in distant plots than close plots, where western honeybees
(Apis mellifera) had been introduced in alpine meadows of the Tibetan Plateau. In particular,
five of these nine species were not detected in the introduced areas. Our findings suggest
that the introduced honeybees likely outcompete many native bee species, potentially lead-
ing to local species loss, particularly among rare native bee species. Importantly, our results
indicate that the interspecific difference in the abundance decline among different native
pollinator species are well explained by their species abundance and niche overlap with the
introduced honeybees. This adds to current knowledge that apiculture may inadvertently
introduce superior competitive invasive pollinators, causing ecological damage to local
pollinators and even protective species, though it is traditionally recognized to be important
to agricultural production and economic development. To this end, we recommend limit-
ing apicultural practice in nature ecosystems, especially where native honeybees are rich
and rare.
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Appendix A

Table A1. List of native honeybee species and their relative abundance in both close and distant sites.
The text in the first column corresponds the species code in Figure 1; the abbreviation corresponds
the species code in Figure 2.

ID Family Species Abbreviation
B1 Apidae Bombus supremus BS
B2 Halictidae Lasioglossum spl L.spl
B3 Andrenidae Andrena tarsata AT
B4 Apidae Bombus filchnerae BF
B5 Halictidae Dufourea novaeangliae DN
B6 Halictidae Lasioglossum zonulum LZ
B7 Andrenidae Andrena sp1 A.spl
B8 Apidae Nomada sp. N. sp.
B9 Halictidae Lasioglossum sp2 L. sp2
B10 Andrenidae Andrena sp2 A.sp2
B11 Megachilidae Osmia sp. O. sp.
B12 Halictidae Sphecodes sp. S. sp.
B13 Apidae Epeolus sp. E. sp.
B14 Halictidae Lasioglossum sp3 L. sp3
B15 Halictidae Dufourea sp. D. sp.

Table A2. List of plant species. The text in the first column corresponds the species code in Figure 1.

ID Family Species

P1 Gentianaceae Gentiana abaensis
P2 Ranunculaceae Trollius farreri

P3 Apiaceae Angelica dahurica
P4 Ranunculaceae Anemone rivularis
P5 Asteraceae Saussurea nigrescens
P6 Apiaceae Angelica apaensis
p7 Apiaceae Semenovia malcolmii
P8 Rosaceae Potentilla anserina
P9 Rosaceae Potentilla discolor
P10 Orobanchaceae Pedicularis kansuensis
P11 Apiaceae Carum carvi

P12 Geraniaceae Geranium pylzowianum
P13 Amaryllidaceae Allium sikkimense
P14 Fabaceae Oxytropis kansuensis
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Table A2. Cont.

ID Family Species
P15 Amaryllidaceae Allium chrysanthum
P16 Gentianaceae Halenia elliptica
P17 Gentianaceae Comastoma pulmonarium
P18 Orobanchaceae Pedicularis longiflora
P19 Asteraceae Leontopodium souliei
P20 Rosaceae Dasiphora fruticosa
P21 Rosaceae Geum japonicum
P22 Ranunculaceae Ranunculus tanguticus
P23 Gentianaceae Gentiana formosa
P24 Geraniaceae Geranium pratense
P25 Asteraceae Taraxacum sikkimense
P26 Ranunculaceae Anemone trullifolia
P27 Fabaceae Oxytropis glabra
P28 Asteraceae Ajania przewalskii
P29 Asteraceae Anaphalis flavescens
P30 Asteraceae Saussurea stella
P31 Fabaceae Hedysarum tanguticum
P32 Orobanchaceae Pedicularis sp.
P33 Asteraceae Aster alpinus
P34 Polygonaceae Polygonum viviparum
Appendix B
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Figure A1. Results of non-metric multidimensional scaling (NMDS) showing plant species commu-
nity similarity among six field sampling plots. Dissimilarity (Bray—Curtis) was estimated using the
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Figure A2. Results of non-metric multidimensional scaling (NMDS) showing whether the feeding
niche of native bees differs between nearby (pink) and. distant (gray) plots for six common species.
Dissimilarity (Bray—Curtis) was estimated using the diet preference of each sampling. (a) Bombus
supremus, (b) Lasioglossum sp1, (c) Andrena tarsata, (d) Bombus filchnerae, (e) Dufourea novaeangliae, and
(f) Lasioglossum zonulum. p-values are shown in bold as < 0.05.
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Simple Summary: Changes in precipitation patterns can significantly alter biological processes and
associated ecosystem functions. This study aimed to investigate the impacts of rainfall intensity
and timing on the structure of dung beetle assemblage and dung mass loss rate in a Tibetan alpine
meadow. The results revealed that exposure to rainfall within a 2 h timeframe, regardless of rainfall
intensity, significantly reduced the rate of dung mass loss. However, this decrease was not attributed
to the activity of dung beetles. Earlier rainfall tended to decrease species richness of dung beetles,
while heavier rainfall significantly decreased beetle abundance. These findings suggest that changes
in precipitation patterns can influence both the assemblage of dung beetles and the rate of dung
decomposition, but may also decouple their relationship under a certain circumstance. The variability
in local biological processes and ecosystem functions deserves greater attention within a global

climate change scenario.

Abstract: Changes in precipitation patterns, including rainfall intensity and rainfall timing, have
been extensively demonstrated to impact biological processes and associated ecosystem functions.
However, less attention has been paid to the effects of rainfall intensity and rainfall timing on the
assembly of detritivore communities and the decomposition rate of detritus such as animal dung.
In a grazed alpine meadow on the eastern Qinghai-Tibet Plateau, we conducted a manipulative
experiment involving two levels of rainfall intensity (heavy rainfall, 1000 mL/5 min; light rainfall,
100 mL/5 min) and five levels of rainfall timing (0, 2, 4, 24, and 48 h after yak dung deposition). The
aim was to determine the effects of rainfall intensity, timing, and their interaction on the assemblage
of dung beetles and dung removal rate during the early stage (i.e., 96 h after yak dung deposition) of
dung decomposition. Light rainfall significantly increased species richness in the treatment of 48 h
after dung pats were deposited. Heavy rainfall significantly decreased beetle abundance in both the
0 h and 48 h treatments while light rainfall had no effect on beetle abundance. Dung mass loss was
significant lower in the 2 h treatment compared to other treatments regardless of rainfall intensity.
The structural equation model further revealed that the species richness of dung beetles and dung
mass loss were significantly affected by rainfall timing but not by rainfall intensity. However, no
significant relationships were observed between any variables examined. These findings suggest that
changes in precipitation patterns can influence both the structure of dung beetles and the rate of dung
decomposition but may also decouple their relationship under a certain circumstance. Therefore, it is
crucial to pay greater attention to fully understand local variability between the biological processes
and ecosystem functions within a global climate change scenario.

Keywords: climate change; detritus; detritivore; dung decomposition; Qinghai-Tibet Plateau;
rainfall pattern
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1. Introduction

Extensive evidence has demonstrated the profound impact of global climate change
on biological processes and associated ecosystem functions in both terrestrial and aquatic
ecosystems [1,2]. Precipitation patterns, a key driver of global climate change, have
already undergone significant changes and are predicted to undergo further alterations
in the future [3]. Specifically, there has been a widespread increase in rainfall intensity
across various regions worldwide [4]. The pronounced seasonal variation in rainfall tim-
ing draws attention to extreme events caused by the uneven distribution of rainfall time
and changes in rainfall intervals [5,6]. These changes in rainfall patterns have exerted in-
fluences on metabolic processes [7,8], population dynamics [9], species interactions [10],
assemblages [11], the distribution ranges of natural plants and animals [12,13], as well as
ecosystem functions and services [14]. Nevertheless, compared with other drivers such
as climate warming, our comprehensive understanding of the impacts resulting from
changes in precipitation patterns remains incomplete, particularly regarding their effects
on the assemblage of detritivore community and the decomposition rates of non-living
organic matter.

The decomposition of dead organic matter is a biogeochemical process that plays a
fundamental role in nutrient, carbon, and energy cycling within and among ecosystems, as
well as the exchange between the biosphere and atmosphere [15]. The decomposition rates
of dead organic matter are largely influenced by the diversity and population dynamics of
detritivores responsible for breaking down non-living organic matter into simpler forms to
gain energy and matter for their own biomass maintenance [16]. Importantly, the effect
sign and strength of these soil micro-, meso- and macro-organisms on decomposition can
be modified by rainfall patterns [17]. For instance, a 50% reduction in rainfall significantly
decreased the decomposition rate of leaf litter through influencing the activities of soil
microorganisms and soil animals [18]. A microcosm experiment investigating leaf litter de-
composition revealed that microbial-driven decomposition was positively correlated with
cumulative rainfall quantity, while isopod-driven decomposition was strongly controlled
by rainfall frequency [19]. However, it should be noted that these studies have primarily
focused on the decomposition of plant detritus rather than animal-based materials such as
feces or carcasses.

Ignoring the decomposition of animal detritus would be inappropriate [20]. For
example, terrestrial plants annually produce approximately 120 billion tons of organic
carbon [21], with up to 90% entering the detritus pool as plant litter [22]. Even of the
remaining 10% consumed by herbivores, only very little is assimilated for growth and
development, while the majority eventually returns to the detritus pool as excreta and
carrion [23]. Although these animal detritus components constitute only a small percentage
compared to plant detritus within the total natural detritus pool [24,25], they display a
disproportionate role in assembling and ecosystem functioning [26]. Firstly, animal detritus
provides energy and habitat for a suite of highly dependent species [27]. For example,
the whole life history of a variety of dung beetle species depends completely on excreta
from large animals. Secondly, compared to plant detritus, animal detritus is an ephemeral
resource but very rich in nutrients. The nitrogen content of dung is two to three times
higher than that of plant litter [18,28]. Moreover, the rates of nutrient turnover and organic
matter decomposition of animal detritus are undoubtedly quicker than plant detritus [24].
This energy pulse of animal detritus is crucial to the maintenance of biodiversity and the
normal functioning of many ecosystems.

Like the decomposition of plant detritus, the decomposition of animal detritus
also depends largely on the population dynamics, species diversity, and community
structure of detritivores [15,29], all of which are sensitive to environmental change [30].
Changes in rainfall patterns are suggested to influence decomposition by modifying
physiological traits, feeding behaviors, and species interactions among decomposing
arthropods [31-34]. For example, decreased rainfall significantly reduces the abundance
of dung beetles, leading to a decline in dung decomposition rates [32]. Although the
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onset of rainfall has been linked to the emergence of dung beetle populations for many
years, available field data about the effect of the changes in rainfall patterns on the
richness, abundance, and ecological functions of dung beetle species are scarce [31-34].
Given the great substantial variability in global rainfall patterns, further research is
necessary for a comprehensive understanding of the relationship between changes in
rainfall patterns and animal detritus decomposition.

As the “Third Pole of the Earth”, the Qinghai-Tibet Plateau is a biodiversity hotspot
and is particularly sensitive to global climate change [35,36]. Specifically, there has been an
increase in rainfall amounts and intensity, frequency of heavy rainy events, and the daily
maximum of rainfall during the period from 1961 to 2017 [37]. Additionally, precipitation
duration has decreased since 2000 [37], with this trend predicted to persist until the end
of the century [38]. Moreover, the Qinghai-Tibet Plateau houses China’s largest area of
grassland and rangeland, which supports billions of wild animals and livestock, including
yaks (Bos grunniens Linnaeus, 1766), which are predominantly reared by local people.
The estimated density of yak dung pats can reach up to 5900 per hectare, covering more
than 20% area of the total rangeland [39]. The timely decomposition of yak dung is
thus important to nutrient turnover and primary productivity. Dung beetles (Coleoptera:
Scarabaeoidea) are the major group that contributes substantially to dung decomposition
on the Qinghai-Tibet Plateau. Notably, because the species richness and abundance of
dung beetles always peak within the first two to three days after dung deposition [39], the
early stage of dung decomposition is the best period to examine the population dynamics
and assemblage structure of dung beetles. Rainfall events might affect the assemblage
and dung decomposition rates by influencing volatile substances released from dung as
well as dung beetle behavior. Given the importance of rainfall patterns on detritivores and
detritivores on decomposition, we hypothesize here that changes in rainfall patterns will
alter decomposition rates through affecting detritivore community assemblage. Specifically,
we aim to test whether high-intensity rainfall events that occurred earlier would lead to
reduced richness and abundance of dung beetles, which in turn would decrease dung
decomposition rates.

2. Materials and Methods
2.1. Study Site

The experiment was conducted in an alpine meadow in Hongyuan County
(32°48' N, 102°33’ E) in the northwest of Sichuan Province, located in the eastern edge
of the Qinghai-Tibet Plateau, China. The average altitude is about 3500 m. The cli-
mate is characterized by long, cold winters and short, cool summers. According to the
Hongyuan County Climate Station (a 4 km distance to our study site) from 1961 to 2019,
the mean annual temperature was 1.7 °C, with the maximum and minimum monthly
means being 13.4 °C and —15.1 °C in July and January, respectively. Precipitation mostly
(>80%) occurred from May to August. The mean annual precipitation was about 760 mm
with significant fluctuations across years, mostly ranging from 450 mm to 900 mm [40].
Details on the species composition of plant community at the study site can be found in
previous studies [39]. The soil is characterized by high organic content and low nitrogen
and phosphorus content. The meadow has been under intensive grazing (by yaks) for
decades. The study site was a typical summer-grazing pasture, which was under grazing
from May to September by local people. According to an independent pre-experimental
survey, the estimated population density is about 10 yaks per hectare.

The decomposer community responsible for yak dung decomposition in the Ti-
betan alpine meadows is as complicated as in other areas [41]. In addition to the
microfauna (bacteria and fungi), macro-invertebrates such as beetles and flies are
dominant decomposer groups especially in the early stages of dung decomposition.
In our study area, Calliphora vicina (Robineau-Desvoidy, 1830) is usually the most
abundant fly species. The coprophagous beetle species include Eupleurus subterraneus
(Linnaeus, 1758), Aphodius erraticus (Linnaeus, 1758), A. rectus (Motschulsky, 1866),
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A. prodromus (Brahm,1790), A. elegans (Allibert, 1847), Geotrupes ibericus (Baraud, 1958),
Onthophagus uniformis (Heyden, 1886), etc. Predaceous beetles include Philonthus
rubripennis (Stephens, 1832), Quedius (Microsaurus) liangshanensis (Zheng and Zheng,
2006), and Sphaerites sp. In the very late successional stage, there may be spiders
(e.g., Araneus marmoreus (Clerk, 1757)), centipedes, and beetle larvae emerging within
and underneath the dung [42].

2.2. Experimental Design and Sampling

The experiment was conducted using a two-factor full design, where rainfall intensity
with two levels (heavy rainfall, 1000 mL rainwater in five mins; light rainfall, 100 mL
rainwater in five mins), and rainfall timing with five levels (0, 2, 4, 24 and 48 h after fresh
dung pats were deposited). The heavy rainfall was a little beyond the usual maximum
rainfall. Notably, however, the classification of the heavy and light rainfall here was not a
meteorological definition. There were thus ten treatments, each with five replicates, and
each replicate was an artificial fresh dung pat. There were 50 dung pats in total.

The experiment was conducted in a flat pasture with an area of about two hectares
where the vegetation cover is over 80%. Before the start of the experiment, enough rainwater
was collected and stored in buckets. In the early morning of a sunny day (20 August 2021),
enough fresh yak dung free of any macro-invertebrates was collected in a stall of a Tibet
family. After thoroughly mixing in large buckets, the dung was built into small artificial
pats using plastic modules with a diameter of 18 cm and a height of 4 cm, respectively. The
fresh weight of each pat was 1000 £ 20 g (250 = 5 g in dry weight). The pats were then
randomly placed in the pasture, with at least an interval of 5 m between any two pats to
reduce possible mutual interference with each other. Finally, rainwater was sprayed evenly
on the surface of each pat using watering pots according to the experimental design. In
addition, two additional pats were arranged as candidate compensates for each treatment.
Pats damaged by grazing yaks or rodents during the experimental period would have been
randomly replaced by these candidates. In addition, the temperature was measured using
thermometers (model DS1921G, Maxim Integrated Products, Sunnyvale, CA, USA). Over
the course of the experiment, the mean was 12.21 °C based on daily average (over 24 h of
measurements made every 30 min), with the highest and lowest values being 28.5 °C and
0 °C, respectively.

On the fourth day (i.e., 96 h after deposition of yak dung) since the beginning of the
experiment, dung beetles and any other visible decomposers (if any) within both the dung
pats and the soil beneath the pats were collected by hand-sorting and counted. Dung beetles
were identified to the species level. Furthermore, the residual dung was also collected and
dried at 75 °C for 72 h to assess the rate of dung mass loss. It is important to note that there
was no rainfall throughout the entire experimental period.

2.3. Data Analysis

Two-way ANOVA was used to test the effects of rainfall intensity, rainfall timing, and
their interaction on dung mass loss, species richness and abundance (log-transformed) of
dung beetles. Once a significant factor effect was detected, post hoc Tukey’s HSD tests
were used to further determine the differences among treatments. The relative density of
each species was calculated by dividing the abundance of the specie in the treatment by the
total abundance of all beetles in the treatment. Then, the similarity percentage (SIMPER)
analysis based on the Bray—Curtis similarity matrix was employed to determine the species
contribution among different treatments [40]. In addition, a piecewise structural equation
model (SEM) was constructed to examine the causal relations among rainfall, dung beetles,
and dung mass loss. An initial SEM model was constructed based on our hypothesis that
dung decomposition would be affected either directly by rainfall patterns or indirectly
by rainfall patterns through affecting dung beetle assemblages (Figure S1). In doing this,
collinearity between variables in the model was firstly assessed through a variance inflation
factor (VIF) test using the car package [43]. Because our terms had more than 1 degree
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of freedom (df), generalized variance-inflation factors [44] were calculated. Secondly, the
model was performed with the piecewiseSEM package using the maximum likelihood
estimation method [45]. The conceptual model was evaluated based on goodness-of-fit
statistics and the selection of optimal model relied on the lowest AIC value. In the model,
both main and interactive effects of rainfall intensity and timing were considered. All these
analyses were performed in R 4.1.1 [46].

3. Results
3.1. Responses of Beetle Assemblage and Dung Decomposition

Rainfall timing significantly affected the species richness and abundance of dung
beetles (Table 1). Rainfall intensity and its interaction with rainfall timing significantly
affected beetle abundance (Table 1). Specifically, light rainfall led to a significant increase
in species richness in the 48 h treatment (Figure 1A). On the other hand, heavy rainfall
resulted in a significant decrease in beetle abundance for both the 0 h treatment and the
48 h treatment, while light rainfall had no effect on beetle abundance (Figure 1B).

Table 1. Results of a two-way ANOVA showing the effects of rainfall timing (timing), rainfall
intensity (intensity), and their interaction on the species richness, abundance of dung beetles, and

dung mass loss.

d Richness Abundance Dung Mass Loss
SS F SS F SS F
Timing 4 0.06 3.43 % 0.35 3.83 ** 14,350 7.70 ***
Intensity 1 0.00 0.55 0.12 5.37* 61 0.13
Timing x Intensity 4 0.02 1.31 0.38 4.27 ** 2401 1.29
Residuals 40 0.18 0.90 18,627
¥ 5 <0.05,*, p<0.01, ™, p < 0.001.
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Figure 1. Species richness (A) and abundance (B) of dung beetles in different treatments at the end of
the experiment. The letters above the error bars denote statistically significant differences among
treatments at a significant level of p = 0.05, as revealed by two-way ANOVAs followed by post hoc
Tukey’s test for multiple comparisons. Error bars are +-SE.
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A total of 5067 dung beetle individuals were collected, belonging to three families
and 14 species (Table S1). The average dissimilarity among different rainfall timings were
13.62% and 16.07% in the heavy rainfall and light rainfall conditions, respectively. In the
heavy rainfall conditions, the dissimilarity was primarily driven by the contribution of
seven species (>2%), which accounted for a significant proportion (95%) of the overall
dissimilarity. Notably, E. subterraneus contributed approximately 36% to the dissimilarity
(Figure 2A). Similarly, in the light rainfall conditions, the dissimilarity was mainly
influenced by the presence of eight species that collectively accounted for 96.85% of the
overall dissimilarity. Among these species, E. subterraneus displayed a prominent role
with an approximate contribution of about 41% (Figure 2B). Furthermore, it is worth
mentioning that there were no evident differences in relative density of E. subterraneus
across different treatments (Figure 2).
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Figure 2. The relative density of different species in different treatments, and species with their
corresponding contributions in SIMPER analysis of heavy rainfall (A) and light rainfall (B). “x”
means the relative density of the specie is zero in the treatment.
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In addition, rainfall timing significantly affected dung mass loss (Table 1). The dung
mass loss was lower in the 2 h treatment compared to other treatments regardless of rainfall

intensity (Figure 3).
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Figure 3. Dung mass loss in different treatments at the end of the experiment. The letters above
the error bars denote statistically significant differences among treatments at a significant level of
p =0.05, as revealed by two-way ANOVAs followed by post hoc Tukey’s test for multiple comparisons.

Error bars are +SE.

3.2. Relationships among Rainfall, Beetle Assemblage, and Dung Decomposition

The results of the SEM showed that species richness of dung beetles (3 = 0.69) as
well as the dung mass loss (3 = 0.50) were significantly and positively influenced by
rainfall timing rather than rainfall intensity or their interaction. However, no significant
relationships were observed between any other variables (Figure 4).
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Figure 4. Structural equation model exploring the casual relationship among rainfall, dung beetles,
and dung mass loss (Fisher’ C =2.91, p = 0.23, AIC = 36.91; a low AIC value associated with Fisher’s
C test indicates a strong fit of the model to data). Arrows represent unidirectional relationships
between variables, with standardized path coefficients () indicated on each arrow. Solid arrows
represent significant relationships, while dashed arrows represent non-significant relationships.

** 1 <0.01;* p<0.05.
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4. Discussion

Compared to plant litter, the organic matter in animal dung generally decomposes at a
faster rate due to the presence of a more diverse and abundant decomposer community [28].
Nevertheless, it is evident that the composition of dung decomposers varies significantly
among different regions or ecosystems. For example, earthworms play a primary role
in degrading cattle dung in temperate climatic areas [47,48], while termites contribute
significantly in arid [49] or seasonally dry areas [50]. In tropical, temperate and highland
grassland ecosystems, dung beetles are typically the most important dung-feeding guild
responsible for dung decomposition and nutrient cycling [39,51]. Although maggots have
also been reported to be one important dung decomposer group in the Tibetan alpine
grasslands [39], it is curious that we did not observe their presence within dung pats during
our experimental period. We speculate that this might be due to the low temperature,
which could have limited the flying and egg-laying as well as egg-hatching activities of
flies during the experiment. Therefore, we here focused primarily on the responses of
dung beetles. Previous studies have revealed that changes in environmental conditions
can influence the community structure of dung beetles and subsequently impact dung
decomposition rates [32,51]. However, we did not find any clear evidence supporting our
hypothesis that rainfall influenced dung decomposition rates by altering the structure of
dung beetles. Indeed, we found that both rainfall intensity and rainfall timing significantly
affected the structure of dung beetles, and also a significant effect of rainfall timing on the
rate of dung mass loss. However, changes in rainfall patterns simultaneously decoupled
the links between dung beetles and dung decomposition. These results validate the fact that
local-scale environmental changes can alter the inherent relationships between biological
processes and associated ecosystem functions.

Our results showed that rainfall timing significantly influenced the species richness of
dung beetles, that is to say, the rain played an important role in determining whether beetles
visited a fresh dung pat successfully. The species composition of the beetle assemblage
within dung pats usually exhibits a distinct successional pattern during the early stage
of dung decomposition [41], which is believed to be closely linked to the emission and
component of volatile organic compounds (VOCs) from fresh dung pats [52]. These VOCs,
driven by microbes, provide dung beetles with multifaceted information including the
location, type, and condition of the potential resources [53]. Therefore, any changes in
environments that disrupt the emission of VOCs may disturb the selection by and visitation
of dung beetles of their target resource. In our study, it can be inferred that rainfall might
have affected the normal release of volatiles from dung pats [54], thereby impeding dung
beetle’s ability to locate target dung pats and reducing the species diversity of dung beetles.
Moreover, it appears that a later (e.g., 48 h) rainfall had a weaker effect on the species
richness. This could largely be attributed to the crust formed on the surface of dung pat
which may have offset part of the rainfall effect. Interestingly, rainfall intensity did not have
a significant effect on the species richness of dung beetles. Nevertheless, heavy rainfall,
particularly when it occurred earlier (i.e., 0 h after pats were deposited), resulted in a
significant decline in beetle abundance. This could potentially be because that a heavy
rainfall might have made the surface of dung pats viscous enough for beetles to crawl into.
Once the crust was successfully formed, the impact of heavy rainfall on beetle abundance
became negligible as observed in the 2-h, 4 h and 24 h treatments. In addition, the flight of
beetles may have been hindered by heavy rainfall, particularly during an actual rainfall
event. It is curiously that beetle abundance in the 48 h treatment was observed to decrease
under the heavy rainfall condition. We speculate that this could be attributed to the higher
water content within dung pats induced by heavy rainfall, which exerted stress on dung
beetles. Notably, the species E. subterraneus always predominated the beetle assemblage
regardless of changes in rainfall patterns. This probably suggests that this particular species
may have a low sensitivity to rainfall events. In this end, we boldly speculate that with
regard to rainfall patterns, rainfall timing can partly determine the number of beetle species
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attracted to a dung pat, while rainfall intensity determines the number of beetle individuals
can dwell within a pat.

Given the important role of dung beetles in the decomposition process of dung,
changes in species diversity and the abundance of dung beetles should lead to correspond-
ing responses in dung decomposition rates. However, our findings indicate that there
was no significant correlation between the pattern of dung mass loss and the richness and
abundance of dung beetles. This finding was inconsistent with results reported in many
other studies [32,55]. This may be because we cannot separate the rainfall effect from the
beetle effect due to our experimental design. Differences in the geographic location may
also have an important influence. Indeed, rainfall timing was observed to significantly
impact on dung mass loss, i.e., dung mass loss was significantly lower when fresh dung
pats that were deposited two hours later, regardless of rainfall intensity. In case of the fresh
dung pats (e.g., pats in the 0 h treatment), their compact surface may prevent rainfall from
penetrating into the pats. However, as the dung pat aged, the crust on its surface, liquid
within it, along with holes created by beetles, may have collectively facilitated a leaching
effect [56]. Notably, however, once the dung pat became drier (e.g., after depositing for
4 h), the leaching effect might become negligible.

As a special type of natural resource, dung from large vertebrates has been recog-
nized as an important ecological unit for its high biodiversity, intriguing successional
process, and important role in ecosystem functioning [41]. In particular, the status of
dung pats during the early stage (i.e., the first two to three days after dung is dropped)
of dung decomposition can largely determine the community structure of dung decom-
posers, which in turn influences the rates of organic matter decomposition and nutrient
release. Several deficiencies and specialties of our experiment need to be clarified. Firstly,
it should be noted that the present study employed a manipulated experiment to simu-
late rain conditions on a specific resource, which deviated from natural rainfall patterns
occurring over a broad geographical region. This disparity may elicit distinct effects on
dung beetles. For instance, while the humidity level of the resource might not necessarily
impact the flight activity of beetles, intense precipitation can have an effect. Secondly, the
observed responses of beetle adults and dung decomposition rate may not fully capture
the overall effects resulted from changes in rainfall patterns on dung decomposition
because this study solely focused on the early stage of dung decomposition processes,
and it was lacking a real experiment control. Actually, the complete breakdown of
organic matter and nutrient release from dung requires an extended period spanning
several months or even 1 to 2 years on the Qinghai-Tibet Plateau [39]. In particular,
dung beetle larvae contribute largely to the loss of organic matter during the middle
and late stages of decomposition. Thirdly, the species composition and diversity of
decomposers was simplistic, reflecting the decomposer community on the Qinghai-Tibet
Plateau. For example, the species E. subterraneus occupied for more than 80% of the
total beetle abundance. The experiment was conducted in the late August, a period
characterized by a relatively low temperature, which could result in the absence of some
decomposer groups such as flies and certain species of dung beetles. Furthermore, this
study was carried out in a geographically specific climatic area particularly characterized
by high amounts and a strong intensity of precipitation. Therefore, the results should
be cautiously generalized to other areas. In this end, considering the increasing vari-
ability in rainfall patterns on the Qinghai-Tibet Plateau [37,38] as well as other grazing
ecosystems, more local research is urgently needed to fully comprehend the relationship
between the biological processes and detritus decomposition.

5. Conclusions

In this study, we revealed that rainfall patterns, particularly rainfall timing, exerted a
significantly impact on the structure of dung beetles and dung mass loss rate; meanwhile,
the relationship between dung beetles and dung mass loss appeared to be decoupled in a
Tibetan alpine meadow. These findings provide clear evidence that changes in precipitation
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patterns can influence the correlation between the species diversity of dung beetles and
the decomposition rate of yak dung. This may contribute to our understanding of the
relationship between biodiversity—ecosystem function regarding detrital systems under the
environmental change conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biology12121496/s1, Table S1: The number of different beetle
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that rainfall patterns and dung beetles affect the dung mass loss.
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Simple Summary: Based on robust results from in-cage vector beetle release experiments
and pine seedling inoculation trials, we demonstrate that sexually mature Monochamus
beetles, attracted to withering trees for reproduction, can transmit pathogenic nematodes to
surrounding healthy trees. This leads to the formation of new asymptomatic carrier trees,
which in turn facilitates the spread of pine wilt disease and may nullify the effectiveness of
current control efforts.

Abstract: Pine wilt disease, caused by the nematode Bursaphelenchus xylophilus, poses a
significant threat to pine forests worldwide. Understanding the dynamics of its spread is
crucial for effective disease management. In this study, we investigated the involvement
of asymptomatic carrier trees in the expansion of pine wilt disease through a series of
experiments. Cage-releasing experiments revealed that sexually immature Japanese pine
sawyer beetles, Monochamus alternatus, feeding on healthy pine branches drops only a
minimal number of nematodes (primary infection). However, sexually mature beetles,
still harboring numerous nematodes, fly to weakened trees for breeding and extend their
feeding activities to healthy pines around weakened trees, infecting them with nematodes
and thus spreading the disease further. Inoculation experiments on field-planted black
pine seedlings demonstrated that even a small number of nematodes can lead to a high
occurrence of asymptomatic carrier trees. Our findings suggest that nematode infections
transmitted by sexually mature Monochamus beetles significantly contribute to the expan-
sion of pine wilt damage and play a crucial role in the persistence of asymptomatic carrier
trees. This conclusion is based on cage-release experiments demonstrating nematode trans-
mission by mature beetles and inoculation experiments highlighting the conditions leading
to asymptomatic carrier trees.

Keywords: pine wilt disease; asymptomatic infected tree; Monochamus beetle; Bursaphe-
lenchus xylophilus; infection cycle; sexually mature beetle

1. Introduction

Pine wilt disease (hereafter abbreviated as PWD), responsible for significant damage
to pine forests throughout Japan except for Hokkaido, peaked around 1980, resulting in an
annual loss of over 2 million cubic meters of pine trees nationwide. Following this peak, the
disease appeared to gradually subside. However, this apparent decline can be attributed
to the significant reduction in pine forests susceptible to the disease. Presently, pine wilt
disease is spreading to the last remaining forests of Japanese red pine, Pinus densiflora Sieb.
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et Zucc. in cold high-altitude areas and high-latitude regions in Japan [1]. Additionally,
due to the increased global movement of materials, this disease, which has devastated
Japanese forests, spread to other East Asian countries [2,3] and reached Portugal in Europe
by the end of the 20th century [4], later spreading to Spain [5] and Armenia [6].

The established infection cycle of pine wilt disease (PWD) has been understood
as follows: Pine sawyer beetles with immature reproductive organs emerge from pine
trees that died due to PWD the previous year [7]. To mature their reproductive organs,
beetles fly to healthy pines and vigorously feed on the bark of young branches, creating
feeding scars. This period of sexual immaturity lasts about 5-15 days [8] for males and
16-30 days [9] for females, during which the feeding activity creates scars on the bark.
Nematodes retained within the beetle’s body enter the pine tissues through these feeding
scars, initiating infection (primary infection). As the host pine becomes diseased, it emits
volatile compounds such as ethanol and terpenes, attracting sexually mature beetles that fly
to weakened pines for mating and oviposition. Beetles overwinter as matured larvae within
the dead pine wood, pupate the following spring, and emerge as adults carrying numerous
nematodes from the dead wood. These adults then fly to healthy pines, perpetuating the
infection cycle (Figure 1).
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Figure 1. Established theory on the infection chain of PWD. The rectangular bar at the bottom of the
figure shows the gradually decreasing percentage of nematodes (blue) retained in the body of the
Monochamus beetle. Descriptions in red refer to the disease status of the host tree.

Based on this understanding of the infection cycle, two primary methods have been
utilized to control this forest epidemic in Japan. One strategy entails the preventive
application of insecticides on host pine trees to deter the vector, the Japanese pine sawyer
beetle, Monochamus alternatus Hope (Japanese pine sawyer beetle, hereafter referred to as
Monochamus beetle, or beetle), from feeding on young branches. This prevents the pathogen,
the pine wood nematode Bursaphelenchus xylophilus (Steiner & Buhrer) Nickle (hereafter
abbreviated as PWN or Bx nematode), harbored within the beetle’s body from invading the
tree tissues via the beetle’s feeding scars. The other method involves the eradication of dead
trees, where both the nematodes and beetle larvae breed, through felling and removing by
burning or fumigation. Despite the understanding that thorough implementation of these
methods should prevent damage, in reality, even after felling and removing all dead trees in
the forest in early spring, a few wilting trees due to PWD occur surrounding the stumps of
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removed dead trees in early summer [10]. To understand the reasons behind these puzzling
patterns of damage occurrence, one of the authors conducted a thorough investigation over
four years focusing on a total of 72 Korean pine trees (Pinus koraiensis Sieb. et Zucc.), each
approximately 40 years old and planted in an arboretum [11]. This investigation involved
tracking the locations of dead trees while continuously monitoring resin exudation [12], a
physiological indicator of pine health, in all trees starting from the year when two dead
trees first appeared due to pine wilt. It is important to note that the damage in this forest
continued to increase, even though all dead wood had been completely removed by early
summer, prior to the appearance of the beetles. This removal was intended to prevent
damage from occurring and spreading further throughout the forest. As a key to solving
this mystery, we incorporated the concept of “asymptomatic infected trees”. These are
trees that become infected with nematodes in a given year and experience a decline in resin
exudation but survive without visible symptoms until the following year or later. As a
result, they are overlooked during the eradication of dead trees by early summer and later
develop visible symptoms, contributing to disease progression [11].

To reassess existing theories on the PWD infection cycle and clarify the role of asymp-
tomatic carrier trees in disease spread, it is essential to quantify the number of nematodes
carried by beetles arriving at these trees for reproduction. Additionally, a detailed investiga-
tion into the relationship between their feeding behavior during reproduction and nematode
transmission to healthy trees is required. Therefore, in this study, we initially observed the
behavior of beetles towards both asymptomatic carrier trees and healthy trees nearby and
assessed nematode infection in the healthy trees through cage release experiments.

Furthermore, to elucidate the conditions under which asymptomatic carrier trees
arise as breeding targets for beetles, we inoculated 3- or 5-year-old Japanese black pines,
Pinus thunbergii Parl, in nurseries, and potted 3-year-old Japanese black pines with a small
number of nematodes in early and late summer. We then observed the progression of
disease until the following summer. Additionally, we regularly harvested inoculated
seedlings and isolated nematodes from various parts of the seedlings to determine their
distribution within the host plant and its association with their physiological and external
symptoms.

2. Materials and Methods

The following in-cage experiments and the field inoculation experiments were imple-
mented in Suzuka City, Mie Prefecture (34°52" N, 136°35’ E)

1. In-Cage Insect release experiments: Investigation of Beetle Reproductive Behavior
and Transition of Retained Nematodes to Surrounding Healthy Trees

As some of the results of the in-cage experiments have already been published in
another Japanese journal [13], a summary of the methods and results is given here to aid
understanding of the overall purpose of this experiment. For statistical details of the results
of the in-cage experiments, see the original paper [13].

The experiments were conducted in a mesh cage measuring 2 m in height, width, and
depth. About a month before the cage release experiments, one externally healthy three-
year-old black pine seedling was designated as the oviposition target tree —essentially
an artificially created asymptomatic carrier tree. To induce disease onset, indicated by
the cessation of resin exudation, the seedling was pre-inoculated with 5000 pathogenic
nematodes. This seedling was placed at the center of the cage, surrounded by one healthy
black pine seedling in each of the four directions. Positioned in two corners of the cage
were polystyrene foam boxes (dimensions: height x width x depth =15 x 18 x 20 cm).
Within each box, four wooden sticks, each 20 cm in length, were erected to facilitate natural
takeoff for the beetles (Figure 2).
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Figure 2. Mesh cage used for the Monochamus beetle release experiments (left). Five potted pine
seedlings were used in each experiment: the seedling placed at the center was an artificially latently
infected tree inoculated with nematodes (top right). The arrangement of the seedlings within the cage
is shown in the schematic diagram (bottom right). An artificially made latent carrier seedling was
pre-inoculated with 5000 Bx nematodes, and its cessation of resin exudation was confirmed 2 days
prior to each experiment, then placed in the center. Insect release boxes were placed in two corners of
the cage. In each, three male or three female sawyer beetles were placed. (Modified and reproduced
from Ishiguro and Futai [13]).

Pine logs that had been killed due to pine wilt in Ueno Forest Park, 43 km away, were
transported and stocked ina 1.5 X 2 x 2m (H x W x D) netted cage. Beetles emerging from
the logs were collected daily, and their size, sex, and the date of collection were recorded
and each beetle was kept in a plastic container (1-4 L) with a small hole for ventilation until
each in-cage-release experiment. A short Japanese black pine twig was used as food and
replaced with a fresh one every two to three days.

Three unmated females were released into one box, and three unmated males were
released into the other. After 72 h, the number of feeding scars on each of the five black pine
seedlings and the number of nematodes isolated from each feeding scar were investigated.
Following previous reports [8,9], mature and immature beetles were discriminated based on
the number of days after emergence. The experiments were repeated nine times for sexually
immature beetles (males aged 5-10 days, females aged 5-10 days) and sexually mature
beetles (males aged 14-31 days, females aged 19-30 days), respectively. Furthermore,
following each release test, each tested beetle was individually dissected, and nematodes
remaining in the beetle body were isolated using the Baermann funnel method and counted.

2. Examination of the Conditions under which Asymptomatic Carrier Trees Occur: Ex-
perimental Inoculation of Pine Seedlings Planted in the Field with a Small Number of
Nematodesl

Some trials of the cage experiments showed that the number of nematodes invading
through a single Monochamus beetle feeding scar was generally low. Therefore, in the
second series of inoculation experiments, we set the inoculation dose to a lower level of
50 nematodes per site (50 £ 8.3). Two experiments were conducted: The first experiment
aimed to determine how host pines develop disease when infected with a small number of
nematodes in different seasons and to examine the distribution and quantity of nematodes
in trees that survive as asymptomatic carrier trees. The second experiment investigated
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the relationship between the number of beetle feeding scars and the mortality rate of
pine saplings.

2.1. Differences in Disease Development and Nematode Distribution in the Host Tree According to
Infection Time

Previous inoculation experiments have experienced that late inoculation often results
in delayed onset of symptoms until the following year [14]. Additionally, it is known that
physiological changes in pines seem to occur in late stages of the pine wilt season (late
August to September), affecting the infection of pathogenic nematodes [15]. To confirm
this, 50 nematodes were inoculated on the one-year-old branches of 80 seedlings of three-
year-old black pine in the early pine wilt season (1 July 2018) and on 65 seedlings in
the late pine wilt season (25 August 2018). Subsequently, 20 seedlings designated from
each inoculation timing group were separated from others for periodical observation for
disease progression, recording resin exudation status as physiological symptoms and
changes in external symptoms through photography from 29 June just prior to nematode
inoculation to 30 July of the following year for the early inoculation group and, similarly,
from 22 August to 30 July of the following year for the late inoculation group. Although
designated control plots were not established due to operational constraints, dozens of
untreated healthy seedlings growing in the same nursery were continuously monitored
throughout the experiment. These untreated seedlings served as an informal control group,
allowing comparison of symptoms with those of the nematode-inoculated seedlings.

Furthermore, to determine in which part, for how long, and how many nematodes
survived, a total of 11 times after inoculation on 1 July, 2018 until April of the following
year for the early inoculation group and 7 times after inoculation on 25 August, 2018
until April of the following year for the late inoculation group, five randomly selected
inoculated seedlings from each inoculation timing group were collected periodically, using
a random number table. From each of the collected seedlings, five tissue samples were
taken: (1) the inoculation site, (2) another branch of the same whorl of the inoculated
branch, (3) the upper part, (4) the lower part of the main stem, and (5) the roots. Each
sample was shredded and soaked in a small Baermann apparatus for 24 h, and the isolated
nematodes were counted under a stereomicroscope. After nematode isolation, each pine
tissue was air-dried, weighed, and the number of nematodes was evaluated per gram of
dry weight.

2.2. Relationship Between the Number of Beetle Feeding Scars and Mortality Rate of Pine Saplings:
Effect of Multipoint Infection

When beetles feed on healthy pines, they create feeding scars in multiple places while
walking on branches. In the cage-release experiments, it was observed that, on average,
each beetle left about four feeding marks on the seedlings during a three-day observation
period. Even with a low number of nematodes per site, an increase in the number of
feeding sites and total nematodes infecting a single seedling may increase damage to the
host pine and raise the probability of death. To investigate this, 50 saplings of five-year old
black pine planted in the field were inoculated with 50 nematodes per site, varying the
number of inoculated sites (number of nematodes per sapling) from 1 site (50) to 2 sites
(100), 3 sites (150), 5 sites (250), and 7 sites (350), on 21 July 2017. Ten saplings were used
for each number of inoculation sites (number of inoculated nematodes). After inoculation,
resin exudation (symptom) of each sapling was observed regularly.

In experiments 2.1 and 2.2, the inoculum used for inoculation was the highly
pathogenic B. xylophilus, Ka-4 strain cultured on Botrytis cinerea (grey mold) colonies.
The pathogenicity of the nematodes used for inoculation was confirmed before each experi-
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ment by inoculating them into five healthy black pine trees (at a rate of 1000 nematodes per
seedling and 4500 nematodes per sapling), resulting in nearly complete tree mortality.

In all experiments, the progression of symptoms was assessed based on visual changes
observed and judged from photo recordings, while physiological symptoms were assessed
based on the amount of resin exuding from pinholes made in the main stem of seedlings
two hours after pinning, which is a modification of Oda’s method [12] for small seedlings.

3. Results

3.1. In-Cage Insect-Release Experiments
3.1.1. Number of Nematodes Invading Feeding Scars Left on Healthy Trees Surrounding
Breeding Target Trees

In experiments with sexually immature beetles, no significant difference was observed
in the number of feeding scars left on black pine seedlings between the healthy trees placed
around and the weakened trees placed in the center. Among the 36 healthy trees tested,
feeding scars were observed on 28 trees (77.8%), totaling 224 scars. However, examination
of 145 feeding scars revealed only 127 nematodes detected from a total of 17 scars on eight
healthy trees combined (Figure 3 top). Despite the mean number of nematodes retained by
the 54 sexually immature beetles used in this experiment being low, at 686 with a standard
deviation of 2248, it is noteworthy that two individuals retained over 10,000 nematodes each
and three beetles retained between 1000 and 10,000 nematodes. This suggests that nematodes
retained by beetles during their sexually immature period very rarely fall into feeding scars,
and the number of nematodes invading pine tissues is limited to a very small extent (Table 1).

Table 1. Number of Feeding Scars and Nematodes per Surrounding Healthy Seedling Examined.

Number of Feeding Scars Number of Nematodes Recovered
per Seedling Examined per Seedling Examined
Matured beetle Immature beetle Matured beetle Immature beetle
5.44 4.02 34.56 3.53
+ 4.05 +3.20 + 155.15 + 12.18

However, sexually mature beetles exhibited a notable difference in behavior compared
to sexually immature beetles. They left significantly more feeding scars on the asymp-
tomatic carrier trees placed in the center of the cage than on the healthy trees placed around
them (Tukey’s multiple comparison test, p < 0.05). However, they also left feeding scars
evenly on the healthy trees placed in all four directions. In other words, sexually mature
beetles were observed not only to be attracted to weakened (asymptomatic carrier) trees
for reproductive activities, where they mated and laid eggs, but also to continue vigorous
feeding activity during this reproductive period moving between these oviposition target
seedlings and surrounding healthy seedlings [13].

Feeding scars, which are traces of their feeding activities, were observed on 32 (89%)
of 36 healthy trees tested in the nine repeat trials. The total number of feeding scars on
these 32 trees was 231, which was nearly the same as that observed in the case of immature
individuals (t-test, df = 69, p = 0.148). Examination of nematodes invading 196 of these feeding
scars revealed nematodes detected from 20 scars (Figure 3 bottom). The average number of
nematode infections per seedling was approximately 35, which was ten times higher than
the average infection rate of approximately 3.5 nematodes per seedling by immature beetles.
However, the standard deviation was large in this case, so it cannot be immediately concluded
that mature beetles infect more nematodes (f-test, df = 35, p = 0.240).

As shown above, t-tests were conducted to compare the mean number of feeding scars
per seedling and the mean number of nematodes infected per seedling between immature

84



Biology 2025, 14, 485

and mature beetles. However, no significant differences were detected (p > 0.05) because
large variances and overlapping distributions were observed in the data. Therefore, we
limited our analysis to summary and basic significance testing, which we judged sufficient
for this comparison.

Due to the experimental design—where feeding behavior was measured as the cumula-
tive outcome of three females and three males on four healthy trees (and one asymptomatic
carrier tree) per replicate—it was not possible to calculate individual-level variation in
beetle behavior.
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Figure 3. The number of feeding scars and infecting nematodes per seedling. Top: immature beetles,
bottom: mature beetles. The numbers above some of the bars indicate the total number of nematodes
that invaded from the scars on each seedling. The abbreviations N, S, E, W on the x-axis indicate
directional orientation of each seedling.

3.1.2. The Number of Nematodes Remaining in the Beetle Bodies After the Release Test

Furthermore, when comparing the number of nematodes remaining in the beetle
bodies after the release test between 53 mature individuals and 54 immature individuals,
it was found that mature individuals retained approximately twice as many nematodes
(1526.0 £ 3918.6 *) as immature individuals (686.3 & 2248.0 *). However, due to the large
standard deviation, the difference was not significant (¢-test, df = 102, p = 0.211). * denotes
average + standard deviation.

Nevertheless, from this result, it can be concluded that, at least, contrary to the
previously believed notion, the nematodes retained by sexually mature individuals are not
significantly fewer than those retained by immature individuals.

Furthermore, the cage-release tests revealed that the number of nematodes infecting
from one feeding scar of the beetle is often below several tens, indicating that the infection of
thousands to tens of thousands of nematodes from a single wound, as has been commonly
used in many inoculation experiments, very rarely occurs.
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3.2. Experimental Inoculation of Pine Seedlings Planted in the Field with a Small Number
of Nematodes

3.2.1. Differences in Disease Development and Nematode Distribution in the Host Tree
According to Infection Time

When a small number (50 nematodes per tree) of Bx nematodes were inoculated in
early pine wilt season (1 July 2018), resin abnormality occurred by the fourth week, reaching
80% of the inoculated seedlings by the eighth week (22 August). In addition, external
symptoms appeared in 35% of the inoculated seedlings in the tenth week after inoculation,
presenting as whole or partial discoloration, and this proportion rose to 60%, of which 35%
were totally dead and 25% partially dead, by the 13th week. However, the remaining 40%
seedlings remained asymptomatic until the end of July the following year.

Among the seedlings that exhibited resin abnormality, half withered by the beginning
of the following season, while the remaining half survived without withering until the end
of the observation (30 July 2019) (Figure 4).
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Figure 4. Progress of external disease symptoms (top) and resin exudation decline (bottom) in black
pine seedlings inoculated with small number of nematodes early in the pine wilt season.

On the other hand, when a small number of Bx nematodes (50 individuals per seedling)
were inoculated on 25 August 2018, late in the season, seedlings showing resin abnormality
appeared four weeks after inoculation. By the eighth week (15 October), this proportion
reached 50% of the inoculated individuals. However, external symptoms such as dis-
coloration or fading did not appear at all until 9 February of the following year, when
discoloration appeared on one branch of one seedling, while the other seedlings maintained
a healthy appearance until the end of the experiment, except for two. Among the two
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showing abnormalities, one was the seedling with branch discoloration mentioned above,
and the other withered in the tenth month after inoculation. Thus, when the inoculation
timing was late, the decrease in resin exudation, an internal symptom, was similar to that
of early inoculation timing. However, the leaf color of most seedlings remained healthy
until the next pine wilt season (Figure 5).
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Figure 5. Progress of external disease symptoms (top) and resin exudation decline (bottom) in black
pine seedlings inoculated late in the pine wilt season.

The chart formats used in Figures 4 and 5 were designed to visualize symptom
progression and resin response in individual seedlings over time. In addition, Figure 6
summarizes group-level trends in disease progression as a time-series line graph.
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Figure 6. Comparison of disease progression between early and late inoculation groups. (A) Per-
centage of dead seedlings over time. (B) Percentage of seedlings showing reduced or stopped resin

secretion over time.

: Early inoculation group; : Late inoculation group.
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As described above, when a small number (50 individuals) of nematodes were in-
oculated in early pine wilting season (1 July) compared to late inoculation (25 August),
physiological abnormalities progressed similarly, but the expression of external symptoms
differed significantly. How did the distribution trend of the inoculated nematodes within
the host tree differ between the two inoculation times? In the case of inoculation in July,
nematodes not only spread within the seedlings three to four weeks after inoculation, but
instances of successful proliferation were also observed, leading to an increase in weakened
(denoted as W in the figure) and dead seedlings (denoted as D) accordingly (Figure 7a).
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Figure 7. The distribution trend of the inoculated nematodes within the host seedling when inoculated
in the early season, 1 July (a) and the late season, 25 August (b). As illustrated in the figure (c), tissue
samples were taken from five points of the seedlings, including (D the inoculation site, 2) other
branches at the same branch level as the inoculated branch, ) the upper part of the main stem,
@ the lower part of the main stem, and () the roots. Nematode density per gram of dried tissue was
expressed as five levels of color shade (d).

On the other hand, when inoculated late, it appears that the proliferation of nematodes
within the seedlings is suppressed, perhaps due to changes in the physiological status of
the seedlings in response to seasonal climatic changes (Figure 7b). In both cases, nematode
proliferation within the seedlings is reduced after November, possibly due to low temper-
atures, and the number of seedlings from which nematodes cannot be isolated increases.
However, this does not mean that nematodes completely disappear from the seedlings.
Some seedlings with a healthy appearance still yielded a small number of nematodes even
in the following February and April.

3.2.2. Relationship Between the Number of Beetle Feeding Scars and Mortality Rate of Pine
Saplings: Effect of Multipoint Infection

As the number of inoculation points per sapling increased, individuals exhibiting
abnormal resin exudation appeared earlier and a higher proportion of individuals eventu-
ally died (Figure 8). When examining the relationship between the number of inoculation
points and the mortality rate at five months (143 days) post-inoculation, a strong positive
correlation (r? = 0.949) was observed (Figure 9). This experimental result suggests that
even if the number of nematodes per feeding scar is small, pine saplings become more
susceptible to wilting when multiple feeding scars occur.
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Figure 8. The relationship between the number of inoculation points (inoculated nematodes) and the
mortality rate. Green, beige, light brown, and dark brown represent healthy, resin decline, resin stop,
and withering, respectively.
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4. Discussion

Our study challenges conventional assumptions about the infection cycle of pine wilt
disease (PWD). In the cage-release experiment, sexually mature beetles (males aged 14-31 days,
females aged 19-30 days) exhibited distinct feeding behavior compared to sexually immature
beetles (males aged 5-10 days, females aged 5-10 days). They created significantly more
feeding scars on asymptomatic carrier trees placed at the center of the cage than on healthy
trees positioned around them (Tukey’s multiple comparison test, p < 0.05). However, they
also left feeding scars evenly across all healthy trees. This suggests that, contrary to previous
understanding, sexually mature beetles are not exclusively attracted to weakened or dead

89



Biology 2025, 14, 485

trees for reproduction. Instead, they continue vigorous feeding during their reproductive
period, moving between oviposition sites and surrounding healthy seedlings [13].

Previously, it was believed that sexually immature Monochamus beetles transmitted
most of the nematodes they carried through feeding scars on healthy pines, causing primary
infections (Figure 1). However, our cage-release experiments revealed that nematode
transmission by immature beetles was minimal; very few nematodes entered feeding scars,
and only a limited number successfully invaded pine tissues (Table 1). This aligns with
earlier reports showing that pine trees fed on by immature beetles within the first 10 days
post-emergence exhibited no mortality, whereas trees fed on by sexually mature beetles
2 to 7 weeks post-emergence showed high mortality [16]. Additionally, previous studies
indicate that nematodes use intestinal storage lipid reserves as an internal clock, exiting the
beetle only after a certain amount of lipid is consumed [17].

On the other hand, it has long been assumed that sexually mature beetles arriving at
weakened trees for reproduction carry few nematodes, as most nematodes were thought
to have already left the beetle’s body during its earlier feeding activity on healthy pines.
However, our experiments challenge this assumption. In the cage-release study, sexually
mature beetles were individually maintained on young pine branches before reaching
sexual maturity (~10 days for males, ~20 days for females). Even after feeding on pine
seedlings for three days during the experiment, dissection revealed that males still retained
an average of 850 nematodes and females an average of 1900. This suggests that sexually
mature beetles actually harbor far more nematodes than previously believed when they
arrive at weakened trees for reproduction. The results of our cage-release experiment, as
shown in Table 1, suggest that sexually mature beetles transmit nematodes to healthy trees
surrounding weakened trees (latent carrier trees) as sexually mature beetles are attracted to
the weakened trees for reproductive activity.

Our findings are supported by studies on the timing of nematode transmission. To-
gashi [18] and Naves et al. [19] found that peak nematode transmission occurred 20-35 days
and 1542 days after beetle emergence, respectively, coinciding with sexual maturation and
attraction to declining trees. Once these beetles begin reproduction, they continue feeding
on both the weakened trees they inhabit and nearby healthy trees, thereby establishing new
infection routes. However, the role of sexually mature beetles in transmitting nematodes to
healthy trees has been largely overlooked.

In our experiments, sexually mature beetles frequently fed on healthy trees surround-
ing weakened ones (32 out of 36 healthy trees tested), creating 231 feeding scars—similar
in number to those made by immature beetles. When we examined 196 of these scars,
20 contained nematodes, with an average of 35 nematodes per seedling. Importantly, even a
small number of invading nematodes can have significant consequences. As demonstrated
in Experiment 2b, an increase in feeding scars, rather than the size of individual scars,
leads to greater nematode entry, accelerating disease progression. Interestingly, previous
research found no correlation between feeding scar size and the number of transmitted ne-
matodes [20], reinforcing the idea that total feeding site number is the primary determinant
of transmission efficiency.

The results of our nematode inoculation experiment further support the role of latent
infections. In the early-season inoculation experiment (1 July 2018), where a small number
(50 nematodes) was introduced, disease progression was slow. Among 20 monitored black
pine seedlings, 40% were completely dead, and 20% were partially dead by July of the
following year (Figure 4). Partial wilting is often overlooked in control efforts, yet studies
on Pinus koraiensis forests revealed that even after wilted branches were removed, 7 out of
13 trees eventually died [11]. These findings highlight the importance of monitoring not
only symptomatic trees but also asymptomatic carrier trees and those with partial wilting.
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Notably, late-season inoculations resulted in fewer cases of severe wilting, with most
trees remaining asymptomatic until the following year or later. This suggests that certain
infection conditions contribute to the formation of latent carrier trees. One key factor is the
low number of infecting nematodes. Some infected trees survive without visible symptoms
yet harbor small nematode populations internally. Increased temperatures and drought
conditions [21] can weaken host resistance, triggering nematode proliferation, disease
progression, and the eventual creation of breeding sites for sawyer beetles. Another factor
is lower temperatures during late-summer or early-autumn infection, which may suppress
nematode activity and reproduction and thereby enhance host resistance keeping in healthy
looking trees the following year. In essence conditions that slow disease development
contribute to asymptomatic infections. Even when trees at the same site are infected
simultaneously, individual variations in these factors can determine whether a tree dies or
becomes a latent carrier [22].

The ease of nematode invasion from beetle feeding scars is a critical factor in host sus-
ceptibility. This property varies by pine species and seasonal conditions [15]. In susceptible
black pines, only about 10% of nematodes at feeding scars successfully invade host tis-
sues [23]. Since B. xylophilus reproduces sexually, very low infection densities could reduce
mating opportunities, leading to population collapse. However, nematode sex pheromones
facilitate encounters between males and females [24], enhancing population persistence.
If reproduction fails, the nematodes disappear and the tree survives. If successful, the
nematode population remains at low density until host resistance declines, triggering rapid
proliferation and wilting. This was evident in our experiments, where nematodes were
recovered from symptom-free seedlings the following April.

As mentioned above, however, it is often difficult to detect low density of nematodes
in plant tissue by the Baermann funnel method. Molecular tools such as PCR-based
methods [25,26] and the LAMP method [27] that are more sensitive and applicable to field
samples would be needed to improve nematode detection sensitivity in future studies of
asymptomatic carriers. These molecular approaches offer the advantage of high-throughput
screening without requiring taxonomic expertise, making them suitable for rapid and large-
scale diagnostics. Nevertheless, due to their relatively high cost, such methods are not
practical for long-term monitoring studies like ours, which require repeated sampling of a
large number of trees over time.

Long-term latent infections have also been observed in other pine species. Bergdahl
and Halik [28] found that in Vermont, USA, despite inoculating 30,000 nematodes, many
Pinus sylvestris (Scots pine) trees survived for 7-11 years as asymptomatic carriers, with
nematodes persisting for 2-11 years. The cooler climate and higher resistance of P. sylvestris
compared to P. thunbergii may have contributed to this prolonged latent phase [29], but the
study nonetheless illustrates how nematodes can persist long term in asymptomatic carriers.

After dead trees are removed from a forest, sawyer beetles may migrate and feed on
remaining healthy trees. However, these trees take time to develop disease symptoms and
reduced resin exudation, which makes them suitable for egg-laying. Research suggests
that a one-month gap exists between beetle emergence and the onset of resin-abnormal
trees [30]. Because Monochamus beetles lack suitable oviposition sites for ~20 days (males)
and ~10 days (females) after emergence, latent infections from previous years provide
critical breeding sites, ensuring population continuity. This means that mature beetles
contribute significantly to outdoor nematode transmission by introducing small numbers
of nematodes into multiple feeding sites on healthy trees surrounding weakened hosts
(Figure 10). This overlooked process underscores the importance of asymptomatic carriers
in sustaining PWD, nullifying control efforts and facilitating disease spread.
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Figure 10. New understanding of the PWD infection chain. Immature beetles moving among the
pines are shown in gray, while mature beetles are shown in light brown. The explanation shown in
red text is most important phase of disease expansion.

Recent advancements in PWD detection methods have improved monitoring [31].
Aerial detection using remote sensing and UAVs (Unmanned Aerial Vehicles) identifies
symptomatic trees at a large scale but remains ineffective for detecting asymptomatic
carriers [32-35]. Direct detection methods, such as volatile compound analysis [36,37],
DNA-based techniques [25,38,39], and pH measurement of wood samples [40], offer high
accuracy but are costly and impractical for large-scale surveys.

Traditional resin exudation measurement remains the most practical approach for
detecting infected trees in the field [12,41].

To explore the progression of nematode distribution within the seedlings, we em-
ployed a time-consuming method, but many seedlings with no visible symptoms yielded
no nematodes upon isolation. This difficulty arises from the methodological constraints
of the Baermann funnel technique, which makes it challenging to completely isolate low-
density nematodes within plant tissues. Therefore, around November, when the number of
isolates decreased, we collected samples from visually healthy seedlings. We divided these
samples into two, with one part immediately undergoing nematode isolation and the other
left at room temperature for five days to promote nematode proliferation before attempting
isolation. As a result, among five seedlings where nematodes were not initially detected,
nematodes were successfully isolated from three seedlings after the second attempt.

5. Conclusions

Finally, our study highlights the importance of revisiting traditional views on the pine
wilt infection cycle. Asymptomatic carrier trees play a critical role as hidden drivers of
pine wilt disease spread—not by directly harboring high nematode loads but by attracting
sexually mature Monochamus beetles that subsequently disperse and infect pathogenic
nematodes to surrounding healthy trees. Recognizing this behavioral and ecological role of
mature beetles is essential for effective PWD management.
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Simple Summary: Global warming has had a dramatic impact on many mammalian species, leading
to declines and even extinctions, particularly in high-altitude regions of the Himalayas. The Red
Goral, a cliff-dwelling ungulate with a restricted range in India, Myanmar, and China, is especially
vulnerable due to its small population and limited habitat. Recent habitat modeling indicates that
only a small portion of its extent is currently suitable, with even less protected within conservation
areas. The projections for the future are concerning and reveal significant declines in suitable habitats
and increased fragmentation. The key factors affecting the species distribution were found to be
precipitation and elevation. The study highlights the importance of maintaining and improving
connectivity between fragmented habitats and identifies crucial protected areas for conservation
efforts. The recommendations stress the need for strategic management, enhanced international
cooperation, and addressing traditional hunting practices to better protect the species. Overall, the
findings underscore the urgent need for effective conservation strategies to ensure the long-term
survival of the Red Goral in its natural environment.

Abstract: Climate change has severely impacted many species, causing rapid declines or extinctions
within their essential ecological niches. This deterioration is expected to worsen, particularly in
remote high-altitude regions like the Himalayas, which are home to diverse flora and fauna, including
many mountainous ungulates. Unfortunately, many of these species lack adaptive strategies to cope
with novel climatic conditions. The Red Goral (Naemorhedus baileyi) is a cliff-dwelling species classified
as “Vulnerable” by the IUCN due to its small population and restricted range extent. This species has
the most restricted range of all goral species, residing in the temperate mountains of northeastern
India, northern Myanmar, and China. Given its restricted range and small population, this species is
highly threatened by climate change and habitat disruptions, making habitat mapping and modeling
crucial for effective conservation. This study employs an ensemble approach (BRT, GLM, MARS,
and MaxEnt) in species distribution modeling to assess the distribution, habitat suitability, and
connectivity of this species, addressing critical gaps in its understanding. The findings reveal deeply
concerning trends, as the model identified only 21,363 km?2 (13.01%) of the total IUCN extent as
suitable habitat under current conditions. This limited extent is alarming, as it leaves the species with
very little refuge to thrive. Furthermore, this situation is compounded by the fact that only around
22.29% of this identified suitable habitat falls within protected areas (PAs), further constraining the
species’ ability to survive in a protected landscape. The future projections paint even degraded
scenarios, with a predicted decline of over 34% and excessive fragmentation in suitable habitat
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extent. In addition, the present study identifies precipitation seasonality and elevation as the primary
contributing predictors to the distribution of this species. Furthermore, the study identifies nine
designated transboundary PAs within the IUCN extent of the Red Goral and the connectivity among
them to highlight the crucial role in supporting the species’ survival over time. Moreover, the
Dibang Wildlife Sanctuary (DWLS) and Hkakaborazi National Park are revealed as the PAs with the
largest extent of suitable habitat in the present scenario. Furthermore, the highest mean connectivity
was found between DWLS and Mehao Wildlife Sanctuary (0.0583), while the lowest connectivity
was observed between Kamlang Wildlife Sanctuary and Namdapha National Park (0.0172). The
study also suggests strategic management planning that is a vital foundation for future research and
conservation initiatives, aiming to ensure the long-term survival of the species in its natural habitat.

Keywords: artiodactyla; ecological niche; global warming; international conservation; threatened
species; transboundary PAs

1. Introduction

In recent years, global warming has significantly impacted numerous vertebrate
species, including mammals, leading to their rapid decline or even extinction within
their ecological niches [1,2]. These ecological niches are crucial for species survival and
their interactions with environmental conditions, promoting viable populations and their
persistence over time [3]. The rapid decline of these ecological niches is expected to worsen
as the pace and magnitude of global environmental warming continue to accelerate [4].
This is more concerning for mountainous and temperate regions because these areas are
highly sensitive to temperature changes, which can lead to rapid and significant ecological
disruptions as even small increases in temperature can cause accelerated snowmelt, shifts in
vegetation zones, and habitat loss, creating more immediate and severe impacts compared
to more stable lowland environments [5,6]. Mountain mammals cope with thermic stress
and decreasing suitable areas by shifting to higher altitudes, altering their activity patterns,
seeking cooler microhabitats, adjusting their diet, and modifying reproductive strategies,
while conservation efforts focus on expanding protected areas and improving habitat
management to support their adaptation [7,8]. Therefore, this situation is particularly
pronounced in remote and highly elevated mountainous regions, such as the Himalayas
and adjacent ranges in South Asia [1]. The continental drift theory suggests that the Indian
and Eurasian plates collided around 50 million years ago, forming the Himalayas, also
known as “the abode of snow” in Sanskrit, and creating a complex geological wedge with
three tectonic domains from north to south [9,10]. The Himalayan range is divided into
three sections: the western, central, and eastern ranges, each home to unique flora and
fauna, including many mountainous ungulates. Unfortunately, many of these species lack
adaptive strategies to cope with new climatic conditions [11-13]. The eastern Himalayan
range, in particular, suffers from limited research and adaptive conservation strategies
due to its remoteness, challenging terrain, and inadequate infrastructure. This leaves
many species understudied, necessitating the identification of suitable areas where large
ungulates with narrow niches can find refuge under future climatic conditions to improve
conservation efforts [14,15]. This strategic approach is of utmost importance for the Red
Goral (Naemorhedus baileyi), a cliff-dwelling Bovidae species (order Artiodactyla) classified
as “Vulnerable” by the IUCN Red List due to its small and declining population [16].
Morphologically, this species is a vibrant foxy-red mammal characterized by its long, soft,
shaggy hair, with a thin, dark stripe running along its back from head to tail [17]. The legs
of this species exhibit the same rich red hue as the rest of its body, while the undersides
are a lighter buff color. The Red Goral has the most restricted range of all goral species,
confined to the temperate mountains of northeast India (Arunachal Pradesh), northern
Myanmar, and China (southeast Tibet and Yunnan). This is the only goral species in this
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range and inhabits higher elevations than most gorals, found between altitudes of 2000
and 4500 m [16].

Since this species has an extremely restricted range and a very small population size,
its vulnerability to climatic shifts and habitat alterations is markedly increased, making
it particularly susceptible to changes in environmental conditions and disruptions to
its habitat [18]. Therefore, habitat mapping and modeling corridors across the species’
distribution are essential for prioritizing conservation strategies [19]. These efforts will
demonstrate the suitability and viability of habitat patches for wildlife occupancy and
movement between them, thereby facilitating natural gene flow and enhancing long-
term survival [20,21]. Furthermore, identifying the key factors driving shifts in species’
distribution ranges due to climatic changes is crucial, as understanding these drivers
will offer insight into the environmental alterations that impact habitat preferences and
movement patterns, ultimately guiding the development of effective conservation and
management strategies [22,23].

In recent years, there have been significant advances and widespread adoption of
species distribution models (SDMs) for assessing habitat suitability [24,25]. This methodol-
ogy facilitates the mapping of species distribution patterns and the quantitative evaluation
of various environmental factors [25-28]. Consequently, the ensemble model has emerged
as a robust tool for estimating habitat suitability across different species [29]. This ap-
proach integrates multiple modeling algorithms to predict species distributions across
geographic areas, leveraging the strengths of various models to capture diverse aspects
and underlying processes influencing distribution [30]. The integrated approach combines
various modeling methods, each capturing different aspects and underlying processes that
influence species distribution. This strategy seeks to balance the strengths and limitations
of individual models, leading to improved prediction accuracy and reliability. Furthermore,
understanding the response of key driving variables to climate change is essential for identi-
fying suitable habitats, which is critical for developing effective conservation strategies and
landscape-level management plans [31,32]. Moreover, studying the IUCN extent is justified
as it involves a systematic process that includes mapping and analyzing the geographical
distribution of a species using occurrence records, adjusting for geographical barriers, and
verifying with expert knowledge to accurately represent the species’ natural distribution
for conservation planning and risk assessment.

Therefore, this study utilizes an ensemble approach in SDM within the IUCN range
of the Red Goral, N. baileyi, to (i) determine the suitable extent under current and future
climate change scenarios; (ii) analyze the patterns of habitat fragmentation resulting from
climate change; (iii) identify biological corridors within the range; and (iv) assess the
suitability and connectivity of transboundary protected areas (PAs). This study is vital
for enhancing conservation efforts for this species that lacks extensive research and faces
vulnerability in the ecological context. The identification of suitable habitats under current
and future climate scenarios will reveal the areas in which this species can thrive within the
IUCN extent and the habitat shifts with changing conditions to guide conservationists in
India and adjoining countries. Moreover, understanding patterns of habitat fragmentation
and connectivity will aid in safeguarding these corridors that will enable movement for
this species and ensure transboundary migration and genetic connectivity within the
known range. Furthermore, evaluating the suitability and connectivity of PAs will ensure
coordinated conservation efforts across borders, creating an international network of safe
havens and supporting broader conservation initiatives to save this threatened ungulate
species in the wild.

2. Materials and Methods
2.1. Study Area and Species Occurrence Data

The IUCN range of the Red Goral encompasses three countries: India, China, and
Myanmar (Figure 1). In India, this species is recorded in specific regions of eastern
Arunachal Pradesh, particularly in the districts of Upper Siang, Dibang Valley, Lower
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Dibang Valley, Anjaw, Lohit, and Changlang, including the Namdapha National Park
(NNP) and the community forests near Vijaynagar, which borders with Myanmar. Ad-
ditionally, there have been unconfirmed sightings near the River Kameng in western
Arunachal Pradesh. In Myanmar, the Red Goral is found in the northern mountains of
Kachin State, with a confirmed presence in Putao District’'s Hponkanrazi Wildlife Sanctuary
(HpWLS) and Hkakaborazi National Park (HkNP). Furthermore, China has the largest
distribution area for this species, with populations confirmed in the Tibet Autonomous
Region (Xizang) and Yunnan. In Tibet, the primary distribution area is Nyingchi City
prefecture, while in Yunnan, the species is reported in Nujiang Lisu Autonomous Prefec-
ture, specifically in Gongshan Derung and Nu Autonomous County [16]. Therefore, to
achieve a comprehensive understanding of the distribution of the Red Goral, the entire
IUCN extent was designated as the study area (Figure 1). This was conducted to ensure the
analysis encompassed the full geographical range of the species and provided an accurate
picture of its habitat distribution across different countries and regions aimed to identify the
suitable habitats and their variations due to climate change within the IUCN known extent.
Additionally, examining the IUCN extent is warranted because it employs a systematic
process that entails mapping and analyzing a species” geographical distribution using
occurrence records, adjusting for geographical barriers, and verifying with expert knowl-
edge to accurately reflect the species’ natural range for effective conservation planning and
risk assessment.
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Figure 1. Map showing the study area for the present study along with the IUCN extent of Red
Goral (N. baileyi). The figure also highlights the location points acquired from primary and secondary
sources used for training the model. The photograph of the Red Goral was taken by Mr. Ravi
Mekola in Dibang Valley, Arunachal Pradesh, India. Protected areas are represented by blue lines:
1. YardiRabe Supse Wildlife Sanctuary; 2. Mouling National Park; 3. Dibang Wildlife Sanctuary;
4. Mehao Wildlife Sanctuary; 5. Kamlang Wildlife Sanctuary; 6. Namdapha National Park; 7.
Hponkanrazi Wildlife Sanctuary; 8. Hkakaborazi National Park; 9. Three Parallel Rivers of Yunnan
Protected Areas.

The study utilized 14 location points sourced from the GeoCAT website, which com-
piles data from GBIF and iNaturalist, accessed on 25 June 2024 [33]. Furthermore, to ensure
the reliability of the dataset and accurately represent the ecological areas of interest, records
of museum specimens or captive individuals were excluded. Additionally, five location
points were gathered during field visits to the temperate mountainous regions of Arunachal
Pradesh, including sightings at Mayudia Pass (n = 1), the 65 km area in Dibang Valley
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(n = 2), Walong (near the cliff around 4 km from the airbase) (n = 1), and near Kaho in
Anjaw district (n = 1). Moreover, 12 additional location points were obtained through
direct communications with tourist guides and local people and hunters in Dibang Valley
(near Anini), NNP, and Anjaw (near Kibitoo area) districts. The spatial correlation between
occurrences was conducted at a resolution of 1km? in SDM toolbox v2.4. This specific
resolution was chosen to align with the size of one pixel in the raster data, thereby reducing
the risk of overfitting the model and ensuring a more accurate analysis. Consequently, the
final model was generated using a total of 31 location points for the Red Goral within its
TUCN extent.

2.2. Selection of Predictors for the Ensemble Model

The study employed various predictor sets, including bioclimatic, topographic, and
habitat variables, to model the habitat of the Red Goral. The bioclimatic variables (1 = 19)
were sourced from the WorldClim website (https://www.worldclim.org/, accessed on
25 June 2024), while topographic variables, such as elevation, slope, and aspect, were
obtained from the Diva-GIS website (http://srtm.csi.cgiar.org/srtmdata/, accessed on
25 June 2024) at a spatial resolution of 90 m [34]. The habitat variable, i.e., temperate
forest (identified as of major importance by the IUCN), was extracted from the land cover
classes in the Copernicus dataset and converted into continuous raster datasets using the
Euclidean Distance function in ArcGIS [35]. This process aimed to evaluate the significance
of this forest type and the species’ response to its proximity, as many species show a strong
preference for areas near suitable forest types [36]. All variables were then resampled to
30 arcseconds (~1 km?) using the Spatial Analyst Extension in ArcGIS 10.6. The spatial
multicollinearity testing was conducted using the SAHM (Software for Assisted Habitat
Modelling) package in VisTrails software V.2, with covariates showing a correlation (r)
greater than 0.8 being excluded from the analysis [37,38]. Furthermore, after addressing
the correlation among the variables, a total of 8 variables were retained for the final model
for both species (Figure S1).

2.3. SDM Utilizing Ensemble Approach

The assessment of distribution models involved employing multiple modeling algo-
rithms through an ensemble approach to formulate the final distribution model for both
species. Therefore, four distinct algorithms—Maximum Entropy (MaxEnt), Boosted Regres-
sion Tree (BRT), Generalized Linear Model (GLM), and Multivariate Adaptive Regression
Splines (MARS)—were utilized [27,39,40] (Table S1). These algorithms were executed
using the SAHM package in VisTrails software [37,41]. The execution produced probability
surfaces ranging from “0” (least suitability) to “1” (highest suitability), and binary maps
were generated using the minimum training presence as the threshold. The ensemble count
map was constructed on a scale from “0” to “4”, where each pixel denoted the number of
model agreements, with a value of “4” indicating unanimous agreement across all four
models, facilitating habitat configuration analysis. Additionally, to assess and compare
model performance, various evaluation metrics, including AUC, True Skill Statistic (TSS),
Cohen’s Kappa, Proportion Correctly Classified (PCC), specificity, and sensitivity, were
calculated for both the training data and cross-validation sets (1 = 10) [42-45].

Furthermore, future projections were used to project potential climate change sce-
narios across two distinct shared socio-economic pathways (SSP)—namely SSP245 and
SSP585—spanning the periods 2041-2060 and 2061-2080. The SSPs are scenarios used in
climate change research to explore future socioeconomic conditions and their implications
for greenhouse gas emissions and climate impacts. SSP245 represents a future where
moderate efforts are made to mitigate emissions and adapt to climate change, assuming
moderate population growth, technological development, and a balanced approach to envi-
ronmental and social policies. Here, greenhouse gas emissions increase gradually over the
21st century, stabilizing towards the end of the century with international cooperation on
climate policies, albeit with challenges in implementation [46]. Conversely, SSP585 depicts
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a future with high greenhouse gas emissions and limited adaptation efforts, assuming rapid
population growth, high energy demand, and minimal environmental regulation, leading
to continued emission increases throughout the century. This scenario reflects a world
with little international cooperation on climate policies and insufficient societal efforts to
mitigate emissions [47]. The study utilized the Hadley Centre Global Environment Model
in Global Coupled Configuration 3.1 (HadGEM3-GC31 LL), the sixth Coupled Model
Intercomparison Project (CMIP6) [48]. The selection of this General Circulation Model
(GCM) was based on its recognized performance in South and Southeast Asia and its ability
to capture temporal fluctuations and excel in representing temperature distribution, as
evidenced by previous research [49,50]. For the present study, non-climatic raster data,
including the habitat variable and topographic variables, remained constant due to the
difficulty of projecting their change pattern in the future [51,52]. This deliberate decision
aimed at isolating the impact of climate change on the objective of the study [53]. Addition-
ally, to facilitate the development of an effective conservation action plan, a comprehensive
assessment of habitat suitability was conducted on the transboundary protected areas
(PAs), given the distinct legal framework for each country. This qualitative assessment
of suitable habitats across different transboundary PAs in their distribution range was
conducted using the zonal statistics function in ArcGIS v.10.6 [36,53-55].

2.4. Assessment of Habitat Shape Geometry and Connectivity

For the assessment of the qualitative and geometric characteristics of suitable patches
in both current and projected future scenarios, various class-level metrics were employed
using FRAGSTATS version 4.2.1 [56,57]. This specialized software for landscape ecology,
urban planning, and environmental management analyzes spatial patterns in landscapes
and ecosystems, providing a suite of metrics and indices to quantify and understand
landscape structure and composition. The study encompassed metrics such as the number
of patches (NP), aggregate index (Al), patch density (PD), largest patch index (LPI), edge
density (ED), total edge (TE), and landscape shape index (LSI). Furthermore, metrics like
NP, PD, ED, TE, and LPI provide detailed information about the geometry of the patches,
including their size, edge characteristics, and density within a region. In contrast, LSI
focuses on the shape complexity of the patches, indicating how convoluted or irregular
they are, whereas Al measures the degree of proximity or clustering among patches,
reflecting how aggregated or dispersed they are within the landscape. These metrics hold
biological significance, shedding light on habitat ecological processes and offering valuable
insights into the impacts of changes in suitable areas on landscape dynamics [58,59].
This methodology facilitates a deeper understanding of landscape characteristics and
enables comprehensive analysis across the distribution range of the species. Consequently,
these metrics were utilized to evaluate habitat features and levels of fragmentation in the
modeled area across various scenarios, including present conditions and future climate
change projections [60,61].

Furthermore, given the significance of enhancing habitat connectivity as a crucial
conservation strategy for species preservation and gene flow, assessing the biological con-
nectivity between habitat patches was imperative [36]. Therefore, to achieve this objective,
the circuit model, commonly employed in designing animal corridors, was utilized [62].
The circuitscape toolbox for ArcGIS 10.6 facilitated the simulation of these corridors, where
location points were used as nodes, with the conductance surface derived from the probabil-
ity output generated by the ensemble model [60,63]. This toolbox facilitates the simulation
of ecological corridors by modeling species movement or flow across diverse landscapes. In
this process, pairwise source/ground mode settings were employed, where the probability
maps generated from the model were utilized as the conductance raster. The location points
were designated as the focal node raster in the pairwise setup module. The resulting output
was generated as current maps, which were then used for further detailed assessment and
analysis of connectivity. This corridor simulation was conducted for the present and all the
future climatic scenarios.
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3. Results
3.1. Ensemble Habitat Modeling

The models exhibited an Area Under the Curve (AUC) range of 0.659 to 0.815 during
training and between 0.637 and 0.719 in cross-validation for the Red Goral (Figures 2, S2 and S3,
Table 1). Notably, the AAUC value, which measures the difference between training and
cross-validation AUCs, was the smallest for the MARS model, recording a value of 0.094.
In contrast, the GLM demonstrated the highest AAUC values, reaching 0.18 across the
replicate runs. These findings collectively underscore the sensitivity of the data employed
for model fitting across all models. The evaluation metrics, including True Skill Statistic
(TSS), Proportion Correctly Classified (PCC), Cohen’s Kappa, sensitivity, and specificity,
further affirmed the high-quality performance of the models in both the training and cross-
validation phases. Among the four selected models, MaxEnt utilized all provided variables
during the replicate runs, whereas the BRT model opted for the fewest variables, selecting
only two out of the eight provided for this species (Figure 2, Table 1).
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Figure 2. Model evaluation plot showing the average training ROC of both training and cross-
validation (CV) and the predictors chosen by the model for the replicate runs under four models of
Red Goral: (A) showing ROC plot of Boosted Regression Tree (BRT), (B) Generalized Linear Model
(GLM), (C) Multivariate Adaptive Regression Spines (MARS), and (D) Maximum Entropy (MaxEnt).
Table 1. Model fit metrics for each of the participating modeling methods and for the final ensem-
ble model for estimation of habitat suitability of N. baileyi. A total of four model algorithms i.e.,
Maximum Entropy (MaxEnt), Boosted Regression Tree (BRT), Generalized Linear Model (GLM),
and Multivariate Adaptive Regression Splines (MARS). AUC: Area under Curve, AAUC: Change in
Area under Curve (Training—Cross Validation), PCC: Proportion Correctly Classified, TSS: True Skill
Statistic.
Species Model Dataset AUC AAUC PCC TSS Kappa Specificity Sensitivity
Train 0.81 725 0.437 0.437 0.763 0.674
BRT 0.173
Naemorhedus Cv 0.637 64.7 0.275 0.273 0.68 0.595
baileyi Train 0.815 74.5 0.49 0.484 0.746 0.744
GLM 0.18
Ccv 0.635 59.2 0.157 0.165 0.657 0.5
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Table 1. Cont.

Species Model Dataset AUC AAUC PCC TSS Kappa Specificity ~Sensitivity
Train 0.813 75.5 0.507 0.502 0.763 0.744
MARS 0.094
Naemorhedus cv 0.719 65.3 0.288 0.284 0.683 0.605
baileyi Train 0.8 74.3 0.486 0.48 0.741 0.744
MaxEnt 0.141
Ccv 0.939 88.1 0.746 0.697 0.887 0.859

3.2. Effective Habitat Suitability Predictors

The ensemble model for the Red Goral revealed that on average (1) across the four
models, the primary contributor to habitat suitability was the bioclimatic variable precipi-
tation of the coldest quarter (bio_19), which accounted for 35.87% of the prediction power
(Table 2, Figure S4). Furthermore, the topographic variable elevation was identified as
the second most significant predictor, contributing 33.69%, whereas the habitat variable
temperate forests (euc_111) emerged as the third highest predictor, accounting for 14.63%
of the model ensemble run. In contrast, among the eight selected variables, the bioclimatic
variable isothermality (bio_3) was the least influential in predicting the distribution of the
Red Goral.

Table 2. The mean percentage contribution of each covariate generated from the final ensemble
model for N. baileyi.

Variable Abbreviation BRT GLM MARS MaxEnt u (Mean) u (Mean) %
Aspect aspect 0.000 0.000 0.000 0.023 0.006 1.62
Precipitation bio_15 0.000 0.000 0.000 0.011 0.003 0.76
Seasonality
Precipitation of .
Coldest Quarter bio_19 0.186 0.100 0.167 0.052 0.126 35.87
Mean Diurnal Range
(Mean of Monthly bio_2 0.000 0.000 0.000 0.014 0.003 0.98
(Max Temp Min Temp)
Isothermality bio_3 0.000 0.000 0.000 0.003 0.001 0.23
Elevation elevation 0.144 0.172 0.111 0.047 0.119 33.69
Temperate Forest euc_111 0.000 0.127 0.062 0.017 0.052 14.63
Slope slope 0.000 0.000 0.000 0.172 0.043 12.21

3.3. Suitable Habitat Extent in the ILUCN Extent and Protected Areas

The estimated extent of occurrence for this species is reported to be 164,150 km? within
its distribution range, according to the IUCN. However, the findings of the ensemble model
are concerning, revealing that only 21,363 km?, or a mere 13.01% of this area, represents
suitable habitat under current conditions (Figure 3). The projections for future climate
change scenarios present even more alarming trends, indicating a substantial reduction in
suitable habitat that could reach up to 45% due to climatic shifts. Specifically, under the
SSP245 scenario, the model predicts habitat declines of 34.82% for the period 2041-2060
and 41.55% for the period 2061-2080 (Figure 4, Table S2). Furthermore, the high emission
scenario SSP585 forecasts even more severe reductions, with suitable habitat expected to
decrease by 39.68% during 2041-2060 and by 45.74% during 2061-2080, compared to the
present scenario, respectively (Figure 5, Table S2).
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Figure 3. (A) This figure shows the present suitable habitats for N. baileyi in the study area. The four
classes (1-4) defined in the map show the four model arguments used in the present study. Class
“0” of habitat suitability is not indicated in the map as it represents no suitability and zero model
agreement. (B) Map representing the habitat connectivity in the IUCN extent in the present scenario.
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Figure 4. Maps representing the two-time frames of the SSP245 scenario for N. baileyi: (A,B) determine
the habitat suitable in the IUCN extent, whereas (C,D) determine the connectivity in the landscape in
these scenarios.
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Figure 5. Maps representing the two-time frames of the SSP585 scenario for N. baileyi: (A,B) determine
the habitat suitable in the IUCN extent, whereas (C,D) determine the connectivity in the landscape in
these scenarios.

Additionally, nine transboundary PAs fall within the IUCN distribution range of
this species across India, China, and Myanmar (Table 3). Despite its greater extent, only
4762 km? of suitable habitat is included within the PAs, accounting for just 22.29% of the
habitat identified by the model. Among them, Dibang Wildlife Sanctuary (DWLS) in India
has the largest extent of suitable habitat at 1852 km?, while Mehao Wildlife Sanctuary
(MWLS) in India has the smallest extent (71 km?) (Table 3). However, the assessment
of mean habitat suitability yields different results as Yardi-Rabe Supse Wildlife Sanctu-
ary (YRSWLS) in India has the highest mean habitat suitability score of 2.497, whereas
Mouling National Park (MNP) has the lowest at 1.445 under current conditions (Table 4).
Furthermore, the future scenarios predict a rapid decrease in both area extent and mean
habitat suitability. Specifically, YRSWLS and MNP are projected to experience the most
significant declines, exceeding 89% of area extent in both future scenarios for the 2041-2060
and 2061-2080 timeframes. Similarly, DWLS is projected to see a 35% decline in area extent
under the SSP245 (2041-2060) scenario. In contrast, HKNP in Myanmar is expected to
experience the least decline among all PAs, ranging from 9% to 15%. Interestingly, HpWLS
is the only PA that shows an increase in area extent by over 4%, reaching 59.53% under the
SSP245 (2061-2080) scenario. Furthermore, the SSP585 (2061-2080) scenario predicts the
most severe declines compared to the other scenarios. Moreover, in terms of mean habitat
suitability, MNP is expected to suffer the greatest decline, with an 87% decrease under the
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SSP585 (2061-2080) scenario. In contrast, DWLS is the only PA projected to see an increase
in mean habitat suitability, up to 8%, due to climatic shifts. These projections underscore
the pronounced declines and shifts caused by climate change, although the impacts are
relatively less severe in the SSP245 (2041-2060) and SSP585 (2041-2060) scenarios compared
to the 20612080 timeframe, which marks the onset of more significant climate-induced
changes (Tables 3 and 4).

Table 3. The suitable habitat extent (in km?2) for N. baileyi in both current and future scenarios within
protected areas (descending order) in the IUCN extent. The gain is represented by “+”, whereas
loss is represented by “—". WLS: wildlife sanctuary, NP: national park, PA: protected area, and GR:

growth rate.

GR from GR from GR from GR from
Protected SSP 245 SSP 245 SSP 585 SSP 585
Country ‘Areas Present  oa12060)  PESeMt (06120800 PTESM oai20600  PTERS™ oer-2080  PrEgent
India Dibang WLS 1852 1443 —22.084 1195 —35.475 1252 —32.397 1304 —29.590
Myanmar ~ ikakaborazi 1191 1081 —9.236 1050 ~11.839 1129 ~5.206 1004 ~15.701
Three Parallel
China Rivers of 825 607 —26.424 514 —37.697 700 —15.152 592 —28.242
Yunnan PA
Myanmar Hpo‘i‘\}(fgmi 257 269 +4.669 410 +59.533 331 +28.794 281 +9.339
India Ki}\,“ﬁ%“g 210 120 —42.857 116 —44.762 109 —48.095 79 —62.381
. Yardi-Rabe
India Supse WIS 134 14 —89.552 2 —98.507 4 —97.015 2 —98.507
India Na“I‘\%ipha 126 120 —4.762 115 ~8.730 112 ~11.111 93 ~26.190
India Mouling NP 9 1 ~98.958 0 —100.000 0 ~100.000 0 —100.000
India Mehao WLS 71 31 —56.338 27 —61.972 27 —61.972 10 —85.915
Table 4. The mean habitat suitability for N. baileyi in both current and future scenarios within
protected areas (descending order) in the IUCN extent. The gain is represented by “+”, whereas
loss is represented by “—". WLS: wildlife sanctuary, NP: national park, PA: protected area, and GR:
p y Y p p
growth rate.
GR from GR from GR from GR from
Protected SSP 245 SSP 245 SSP 585 SSP 585
Country {Kreecase Present (2041-2060) Present (2061-2080) Present (2041-2060) Present (2061-2080) Present
(%) (%) (%) (%)
India Jardi-Rabe 2.497 1.081 —56.705 0.976 ~60.911 1.147 —54.075 0.755 —69.763
upse WLS
India Dibang WLS 2361 2.225 ~5.759 2212 —6315 2231 —5.498 2.161 —8.461
India Ki}\,“ﬁ%“g 2.059 1.400 —31.996 1.322 —35.800 1.315 —36.113 1.011 ~50.912
India Mehao WLS 2.028 1.284 —36.682 0.905 —55.374 1.000 —50.701 0.616 —69.626
Myanmar ~ Hkakaborazi 5 g 1.735 —14.425 1.886 ~6.99 1.796 ~11.430 1.628 ~19.716
India Namdapha 1.905 1.356 28781 1.253 34230 1.431 24858 0.956 —49811
Three Parallel
China Rivers of 1.784 1.484 ~16.823 1.659 ~7.032 1.556 —12.787 1.339 24975
Yunnan PA
Myanmar HPO{,}}‘{‘;}‘“H 1.710 1.201 —29.752 1.282 ~25.051 1.226 ~28.320 0.841 —50.836
India Mouling NP 1.445 0.246 82977 0.244 —83.079 0.396 —72.579 0.180 —87.564

3.4. Habitat Fragmentation and Biological Corridors

The future habitat loss induced by climate change has caused significant fragmentation

in the suitable habitat patches for this species. The results reveal severe fragmentation
of viable patches, as indicated by the NP metric, which increases by 26.39% in SSP245
(2041-2060) and 21.38% in SSP585 (2041-2060) compared to the present (Table 5). However,
this rate slows to 17.75% and 13.55% in SSP245 (2061-2080) and SSP585 (2061-2080), likely
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due to greater overall habitat loss. Furthermore, the heightened fragmentation is reflected
in increases of PD and ED by over 1658.93% and 23.14%, respectively, across all future
scenarios, indicating increased density of the smaller patches with greater edge areas.
Moreover, the LPI declines by over 38.02%, showing a substantial reduction in the size
of viable patches, supported by the TE metric, which also declines between 17.91% and
25.53%, revealing the shrinkage of patches. Additionally, the decrease in both patch size
and the number of patches explains the decline in the LSI by up to 6.77%, indicating simpler
patch geometry due to reduced sizes as supported by the Al value, which decreases by
more than 16%, revealing that patches are now farther apart. Overall, climate-induced
shifts result in the fragmentation of currently viable patches into numerous smaller, more
isolated patches, highlighting extensive habitat fragmentation (Table 5).

Table 5. Assessment of habitat shape geometry of N. baileyi in present and future scenarios. NP:
no. of patches, PD: patch density, LPI: largest patch index, ED: edge density, TE: total edge, LSI:
landscape shape index, Al: aggregation index.

Scenario NP PD LPI TE ED LSI

Al

Present

1239 96,210,504.14 16.135 236.352 1,728,689.791 50.416

65.878

SSP 245 (2041-2060) 1566 1,757,433,743 14.473 194.032 2,177,512.031 51.386

56.932

SSP 245 (2061-2080) 1459 1,825,941,129 11.782 177.648 2,223,267.922 49.567

56.037

SSP 585 (2041-2060) 1504 1,823,684,619 13.651 180.944 2,194,047.804 49.601

56.620

SSP 585 (2061-2080) 1407 1,692,277,346 10.854 176.992 2,128,781.464 48.518

57.933

The assessment of biological corridors revealed the highest connectivity between
DWLS and MWLS, with a mean connectivity value of 0.0583, followed by MNP and DWLS,
with a mean connectivity value of 0.0538 in the present scenario (Figure 2, Table 6). Con-
versely, the lowest connectivity was found between Kamlang Wildlife Sanctuary (KWLS)
and NNP, with a mean connectivity value of 0.0172, despite their close proximity to the
landscape. Furthermore, the climate change projections indicate a decline in connectiv-
ity among the PAs in all future scenarios. Specifically, in the SSP245 scenario, the most
significant decline of 25.60% from the present scenario was observed between YRSWLS
and MNP during the 2041-2060 period. This decline was further compounded in the
SSP245 (2061-2080) scenario, exceeding 31% (Figure 4). A similar trend of decline between
YRSWLS and MNP was also observed in the SSP585 scenarios (Figure 5). However, three
connectivity corridors between the PAs in this landscape showed relatively less decline in
future projections. These include the corridor between HkNP and Three Parallel Rivers of
Yunnan Protected Areas (TPRYPA) (decline by 1.2%), HpWLS and HkNP (decline up to
10%), and NNP and HpWLS (decline between 3.97% and 12.67%) (Table 6). Overall, the
highest decline in connectivity was observed in the SSP585 (2061-2080) scenario, indicating
that future climate change poses a significant threat to connectivity and, consequently, the
conservation of the Red Goral.

Table 6. Assessment of corridor connectivity of N. baileyi among the protected areas in both the current
and future climate change scenarios. The gain is represented by “+”, whereas loss is represented by
“—".YRSWLS: Yardi-Rabe Supse Wildlife Sanctuary, MNP: Mouling National Park, DWLS: Dibang
Wildlife Sanctuary, MWLS: Mehao Wildlife Sanctuary, KWLS: Kameng Wildlife Sanctuary, NNP:
Namdapha National Park, HpWLS: Hponkanrazi Wildlife Sanctuary, HKNP: Hkakaborazi National

Park, TPRYPA: Three Parallel Rivers of Yunnan Protected Areas, GR: growth rate.

Corridors

Present SSP 245 GR from SSP 245 GR from SSP 585 GR from SSP 585
(2041-2060) Present (%) (2061-2080) Present (%) (2041-2060) Present (%) (2061-2080)

GR from
Present (%)

YRSWLS_MNP

0.0426 0.0317 —25.60 0.0292 —31.35 0.0310 —27.15 0.0255

—40.11

MNP_DWLS

0.0538 0.0481 —10.57 0.0460 —14.54 0.0477 -11.39 0.0430

—20.02
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Table 6. Cont.

Corridors Present (23211’-%20) P?els{eflrto %) (23211’-%30) ngefff %) (zgflligggo) P?egeffto %) (233117-3330) Pgls{eflrto %)
DWLS_MWLS 0.0583 0.0532 881 0.0505 ~13.40 0.0516 1151 0.0468 ~19.86
DWLS_KWLS 0.0446 0.0401 “10.12 0.0383 ~14.10 0.0390 ~12.60 0.0348 2209

KWLS_NNP 0.0172 0.0151 12,05 0.0147 1474 00147 ~14.29 0.0128 2584

NNP_HpWLS 0.0332 0.0316 488 0.0319 397 0.0316 484 0.0290 12,67
HpWLS_HKNP  0.0482 0.0461 —445 0.0466 332 0.0461 435 0.0434 ~10.05
HKNP_TPRYPA  0.0493 0.0490 —049 0.0487 122 0.0490 —055 0.0494 0.29

4. Discussion

Recent research has highlighted troubling trends in the global decline of mammalian
species and populations, underscoring the severity of the situation [64]. This widespread
decrease in mammalian diversity can largely be attributed to changes in land cover and
environmental crises driven by climate change, particularly in South Asia [65]. Although
numerous studies have been conducted worldwide to address these issues in various mam-
malian species, this work stands out as the first comprehensive analysis of the distribution,
habitat suitability, and connectivity of viable patches for the Red Goral. The intricate details
provided by this study not only fill a critical gap in understanding this particular species
but also offer valuable insights that could guide future conservation efforts.

The findings reveal deeply concerning trends for the Red Goral, as the model identified
only 21,363 km?, or a mere 13.01% of the total area, as suitable habitat within the IUCN
extent under current conditions (Figure 3, Table S2). This limited, suitable habitat is
alarming, as it leaves the species with very little space to thrive. Furthermore, this situation
is compounded by the fact that only around 22.29% of this identified suitable habitat falls
within the PAs, further constraining the species’ ability to survive in a protected landscape.
The future projections paint an even grimmer picture, with a predicted decline of over 34%
in suitable habitat extent. Given the restricted range of the species, this additional reduction
due to climate change significantly worsens the situation. These findings are consistent
with previous studies that concluded red gorals might face more severe challenges in the
Tibetan Plateau adjoining the eastern Himalayas from the pronounced impacts of climate
change [66,67]. Furthermore, the gorals are particularly vulnerable to habitat loss and
environmental changes because of their limited movement range in restricted extent [68].
The alarming results underscore the necessity of enhancing research efforts focused on
habitat modeling and identifying key predictors for species conservation. This type of
research is especially critical for lesser-known ungulate species with very restricted ranges,
such as the Red Goral [23]. Additionally, these research initiatives can provide valuable
insights and inform conservation strategies to mitigate the adverse effects of habitat loss
and climate change, ultimately aiding in the preservation of these vulnerable species.

Therefore, the present study identifies precipitation seasonality (bio_15) as the primary
contributing predictor to the distribution of the Red Goral, accounting for 35.87% of
the overall model (Table 2). This bioclimatic variable is closely followed by elevation,
which is the second highest contributor, aligning with the observation that the species
is predominantly found in the high-altitude mountains of the eastern Himalayas [16].
This finding corroborates previous studies conducted on various ungulate species, which
have similarly highlighted the critical roles of precipitation and temperature as the top
bioclimatic variables influencing their distribution [1,32]. Specifically, it was established
that precipitation was the most influential variable in the distribution of ungulate species.
This aligns with the results of the present study, where precipitation seasonality (bio_15)
and precipitation of the coldest quarter (bio_19) are identified as significantly influential
variables. However, the model in this study selected a different set of precipitation and
temperature predictors compared to previous research, which could be attributed to the
unique geographical context of the eastern Himalayas rather than the western ranges.
Furthermore, elevation emerged as another key factor in predicting the habitat of the

107



Biology 2024, 13, 667

Red Goral, accounting for 33.69% of the overall model, suggesting that these animals
may prefer higher-elevated temperate forests [10,69,70]. Therefore, the temperate forest
variable (euc_111) also emerged as one of the most significant predictors for this species,
contributing 14.63% to the prediction of the model.

The implications of these findings are particularly critical in the context of climate
change in the future, as the distribution of the Red Goral is projected to shift towards
the northeastern direction, corroborating the previous studies [20,71]. This northward
shift in the Eastern Himalayan and Tibetan regions is clearly exhibited in the present
study, emphasizing the need for proactive conservation efforts. Moreover, as the climate
continues to change, it will be essential to focus conservation strategies on PAs that are
likely to experience these shifts. Furthermore, ensuring that these PAs are well-prepared
to accommodate the changing distribution of the Red Goral will be crucial for the species’
long-term survival. The study identifies nine designated transboundary PAs within the
IUCN range of the Red Goral, highlighting their crucial role in supporting the species’
survival over time (Figures 3-5). Among these, the DWLS in Arunachal Pradesh, India,
is revealed as the PA with the largest extent of suitable habitat in the present scenario
(Table 3). Additionally, HKNP in Myanmar also possesses a significant area of suitable
habitat. These two PAs maintain considerable suitable habitat patches in future projections
despite suffering some losses due to climatic shifts. This trend can be attributed to the
anticipated northeastern shift in the distribution of Red Goral caused by climate change
aligning with the geographic locations of these PAs and mitigating their losses to some
extent. Moreover, the TPRYPA in China is projected to experience significant habitat
loss. It is important to note that this PA is extensive, and only a small portion of it falls
within the IUCN range of the Red Goral, which may explain discrepancies between the
suitable habitat extent and mean habitat suitability results. The mean habitat suitability
averages the quality of various habitats within the studied area, reflecting the overall
potential for the species to thrive based on different environmental factors [72]. As a result,
YRSWLS in India has the highest mean habitat suitability score (2.497) despite having a
much smaller suitable extent (134 kmz) than the other areas, which may be attributed to
its relatively smaller size. This difference highlights the importance of considering both
suitable extent areas and mean habitat suitability to gain a comprehensive understanding
of the landscapes. It is notable that DWLS is unique in ranking high in both suitable extent
and mean habitat suitability, making it a priority conservation area for the Red Goral.
However, the entire distribution within the PAs is projected to be affected by climatic shifts,
leading to a decline in both suitable habitat extent and habitat suitability scores. This
trend results in significant fragmentation, especially in PAs like YRSWLS and MNP, where
future scenarios predict a dramatic decline of over 90% in suitable areas. Additionally,
the threat of irreversible biodiversity decline is particularly severe in these landscapes,
which are already fragmented due to ongoing habitat loss from development activities.
These activities reduce patch sizes and increase distances between patches, disrupting
connectivity and exacerbating edge effects. The increased habitat fragmentation is linked
to higher rates of species decline due to additional habitat loss [73]. The present study
corroborates these findings, demonstrating that extensive reductions in suitable habitat
have led to significant spatial alterations and fragmentation, adversely affecting the Red
Goral and other ungulate species.

The distribution extent of the Red Goral has undergone extensive fragmentation due
to climatic shifts (Table 5). This severe fragmentation of viable patches is evidenced by a
notable increase in the NP metric by 26.39% in SSP245 (2041-2060) and 21.38% in SSP585
(2041-2060) when compared to the present scenario. These increases reflect a significant
disruption in the continuity of the species” habitat, indicating that climate change is causing
the habitat to break apart into smaller, more isolated patches. However, this rate of increase
in fragmentation reduces to 17.75% in SSP245 (2061-2080) and 13.55% in SSP585 (2061-2080).
This deceleration in the rate of fragmentation may be attributed to the complete loss of
some viable patches, which reduces the total number of fragments, indicating a critical
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threshold of habitat destruction. The increase in NP is also linked to the disintegration of
suitable habitats, which has led to higher PD and ED in future scenarios while decreasing
the LPL This indicates that the fragmented patches have decreased in size and become
more restricted for the species. Furthermore, the decrease in Al exacerbates the situation, as
it signifies that these small, disintegrated patches will be far from each other, thus hindering
the movement of the species. This fragmentation is particularly concerning because it could
restrict gene flow among different populations of the Red Goral, potentially increasing
inbreeding rates as these isolated patches are less likely to support viable populations over
the long term [19,74]. Therefore, the identification and protection of corridor connectivity
among fragmented habitats and PAs are crucial for the conservation of this species, as
ensuring such connectivity will help maintain genetic diversity and facilitate the natural
movement of the species, mitigating some of the adverse effects of habitat fragmentation
induced by climate change.

The study assessed the corridors among the PAs within the Red Goral’s IUCN extent,
identifying eight significant connectivity pathways (Table 6). It revealed that the highest
mean connectivity (0.0583) was found between DWLS and MWLS in the present scenario,
followed closely by the corridor between MNP and DWLS, with a mean connectivity of
0.0538. Conversely, the lowest connectivity was observed between KWLS and NNP, with
a mean suitability score of 0.0172. This is particularly intriguing given their close prox-
imity, highlighting the necessity of landscape-level connectivity. Furthermore, important
transboundary corridors, such as the one between HkNP and the TPRYPA, with a mean
connectivity score of 0.0493, and the corridor between NNP and HpWLS, with a mean
connectivity score of 0.0332, were identified, which necessitates transboundary cooperation
and collaboration. However, future scenarios project a decline in crucial corridors due
to climatic shifts in the landscape level for this species. Notably, a significant decrease of
over 25% in mean connectivity is anticipated between YRSWLS and MNP, whereas the
corridor between HkNP and TPRYPA is projected to experience the least decline in mean
connectivity, up to 1%. This minimal decline witnessed between HkNP and TPRYPA is
likely due to their close proximity, underscoring the importance of maintaining continuous
transboundary landscapes. The findings underscore the paramount importance of imple-
menting conservation strategies to maintain and augment connectivity between the PAs to
ensure the long-term viability of the Red Goral and other species that are dependent on
these temperate mountain habitats.

Thus, the PAs identified by this study require enhanced protection through imple-
mentation by governmental agencies; specifically, DWLS and HkNP, having the highest
suitable extent, need immediate attention for conservation efforts. Additionally, consid-
ering the current sociopolitical situation in Myanmar, wildlife conservation efforts are
severely jeopardized [75]. As a result, the study strongly urges international communities
to support conservation efforts in these regions by providing aid to indigenous people
and non-governmental organizations. In the Indian context, the construction of new hy-
dropower dams in Arunachal Pradesh, particularly in Dibang Valley, has led to the clearing
of many hectares of forest land. The study suggests conducting impartial environmental
impact assessments (EIAs) before initiating any construction and insists that construction
agencies adhere to EIA regulations while supporting local conservation efforts. Further-
more, traditional practices like trophy hunting and bushmeat hunting, embedded in tribal
cultures due to historically high forest cover and low human presence, must be addressed.
The recent development in these areas calls for awareness programs to reduce hunting
practices and encourage engagement in conservation work supported by the growing
tourism industry. Moreover, the TPRYPA in China requires a landscape-level assessment to
identify habitats for this species that are not included in the IUCN extent. Furthermore, it is
crucial to monitor and prevent the trade of body parts of Red Goral and other ungulates for
medicine in the international market through these significant wildlife trafficking routes.
Moreover, it is necessary to encourage the establishment of more captive breeding facilities
for both breeding and research, especially since there is currently only one such facility
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at the Shanghai Zoo in China [76]. In order to effectively safeguard transboundary corri-
dors, it is essential to maintain their continuity. When disruptions occur, it is important
to implement measures, such as constructing underpasses or overpasses, to ensure better
habitat connectivity. Achieving this goal requires collaboration and cooperation among
the three countries involved. Moreover, forming community reserves with support from
both international and national agencies is necessary for the long-term preservation of
these vital corridors. Furthermore, a reassessment by the IUCN is also needed, potentially
considering the species under the “Endangered” category, as this reclassification would
help enhance protection and attention towards the species, which occupies a very restricted
range and is significantly affected by climate change. Therefore, implementing these strate-
gic measures will substantially enhance the conservation efforts for the Red Goral and
other ungulate species.

5. Conclusions

In conclusion, this study offers a crucial, comprehensive analysis of distribution,
habitat suitability, and connectivity, addressing significant gaps in understanding the
vulnerable Red Goral. The findings reveal a troubling scenario with a very limited area
identified as a suitable habitat under current conditions, and projections indicate a further
decline due to climate change. This situation is exacerbated by the limited protection
within designated areas, with only a small portion of suitable habitats falling under PAs.
The identification of key PAs, such as DWLS in India and HkNP in Myanmar, as priority
regions for conservation efforts is particularly significant for this species. Additionally,
the study emphasizes the importance of maintaining and enhancing connectivity among
fragmented habitats and transboundary corridors to mitigate the adverse effects of habitat
fragmentation and climate change. However, a more exhaustive field survey on the species
outside of the known IUCN extent will help to expand the training area for further SDM
research to understand the climate change shift of the species on a broader scale across this
temperate mountainous region. The recommendations for immediate conservation actions,
including international support, stricter adherence to EIA, and addressing traditional
hunting practices, are essential steps towards safeguarding the Red Goral. The insights
provided a vital foundation for future research and conservation initiatives, aiming to
ensure the long-term survival of this ungulate species in its natural habitat.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology13090667/s1, Figure S1. Figure showing the correlation
between the covariates chosen for the final model for N. baileyi; Figure S2. Evaluation matrix perfor-
mance across model runs for N. baileyi. Brown—represents the correlation coefficient among the four
different models; Yellow—represents the proportion of deviance explained; Green—represents the
proportion of correctly classified; Blue—represents Area under Curve (AUC); and Pink—represents
True Skill Statistic. Figure S3. Confusion matrixes, model calibration plots, and residual plots for
N. baileyi. Row 1 represents spatial pattern of residuals, where the color ramp indicates the magnitude
of deviance and size represents the quantity. Row 2 represents the model calibration plot across all
four different models for cross-validation split. Row 3 represents the confusion matrix for all four
models, plotted by observed vs. predicted, where the color ramp from the lowest value of 0% (white)
to 100% (red) indicates the quantification of particular pair types. Column a. represents plots for
BRT, Column b. represents plots for GLM, Column c. represents plots for MARS, and Column d.
represents plots for MaxEnt. Figure S4. The response curves of the covariates selected by each of the
participating ensemble models for N. baileyi. (A) BRT, (B) GLM, (C) MARS, and (D) MaxEnt. Table S1.
The details of the models used in the SAHM (Software for Assisted Habitat Modelling) package in
VisTrails software; Table S2. The total suitable habitat extent of N. baileyi in the present and future
climate change scenarios within its IUCN extent.
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Simple Summary: Antarctic marine invertebrates live in the constant of the Southern Ocean and are
characterised by sensitivity to small increases in temperature. We conducted a series of aquarium
experiments that tested this ability and found species-specific responses to warming. We found that
some species were able to survive for many months at up to 10 °C, a temperature which is up to 4 °C
warmer than previously recorded. We found that the survivors of three species had adjusted their
biological systems (acclimated) and were better able to survive additional rapid warming, but one
anemone species did not elevate its upper temperature limit, even though it survived for 270 days
at 6 °C. There were also species-specific effects of increasing oxygen concentration on long-term
survival to elevated temperatures, with extended, no change, or reduced survival duration all found
in different species. Thermal sensitivity is clearly the product of multiple ecological and physiological
capacities, and this diversity of response needs further investigation and interpretation to improve
our ability to predict future patterns of biodiversity.

Abstract: Antarctic marine ectotherms live in the constant cold and are characterised by limited
resilience to elevated temperature. Here we tested three of the central paradigms underlying this
resilience. Firstly, we assessed the ability of eight species, from seven classes representing a range
of functional groups, to survive, for 100 to 303 days, at temperatures 0 to 4 °C above previously
calculated long-term temperature limits. Survivors were then tested for acclimation responses to
acute warming and acclimatisation, in the field, was tested in the seastar Odontaster validus collected in
different years, seasons and locations within Antarctica. Finally, we tested the importance of oxygen
limitation in controlling upper thermal limits. We found that four of 11 species studied were able
to survive for more than 245 days (245-303 days) at higher than previously recorded temperatures,
between 6 and 10 °C. Only survivors of the anemone Urticinopsis antarctica did not acclimate CTmax
and there was no evidence of acclimatisation in O. validus. We found species-specific effects of mild
hyperoxia (30% oxygen) on survival duration, which was extended (two species), not changed (four
species) or reduced (one species), re-enforcing that oxygen limitation is not universal in dictating
thermal survival thresholds. Thermal sensitivity is clearly the product of multiple ecological and
physiological capacities, and this diversity of response needs further investigation and interpretation
to improve our ability to predict future patterns of biodiversity.

Keywords: Antarctic; Southern Ocean; resilience; physiology; acclimation; acclimatisation; climate

change; warming
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1. Introduction

Understanding the mechanisms underlying species’ resilience to environmental per-
turbations is key to predictions of future patterns of biodiversity. Physiological plasticity is
a key element of species’ capacity to survive in fluctuating environments [1]. This plasticity
consists of biochemical “resistance” pathways that can be switched on or off (e.g., anaer-
obic metabolism [2]; heat shock proteins [3]), but also the capacity to adjust biochemical
pathways in response to altered environmental conditions [4]. Acclimation, the phenotypic
response to a single stressor, often in response to laboratory-induced stress, and acclimati-
sation, the response to multiple stressors, often under field conditions [5], can occur over
scales from hours to months. Physiological plasticity is an important component of species’
capacity, providing resilience to both short-term acute heating (e.g., heatwaves [6]) and
long-term change (e.g., climate change [7]). For acclimation to be beneficial, it requires
predictable “zeitgebers”, i.e., cues that are predictive of future conditions, ensuring that
the cost of any physiological remodelling is outweighed by the benefit [8]. The benefit of
physiological acclimation has been argued [9], as has its capacity to buffer against global
warming [10,11].

Physiological responses vary over geographic and temporal scales, with many dimen-
sions known to govern the evolution of thermal tolerance [1]. At one extreme for marine
life, Antarctic marine ectotherms have evolved in the constant cold of the Southern Ocean
for tens of millions of years and are predicted to be sensitive to warming, but also have
limited physiological plasticity [12,13]. Antarctic marine ectotherms have atypical thermal
responses, including the expression of heat shock proteins, an almost ubiquitous protection
of proteins to acute warming (HSP [14]), failure to select preferred temperatures [15] and
in some species, lack of escape response to dangerously high temperatures [15,16]. This
combined evidence supports that universal protective responses to heat regimes experi-
enced in the Antarctic could be missing in these taxa. Recent studies have shown that
the responses of Antarctic marine ectotherms are much more complicated. For example,
longer-term incubations can lead to acclimation of some Antarctic marine ectotherms [11]
but not others [11,17], and cellular responses, including HSP expression, vary markedly
between species and treatment regimens [18]. In the cold of the Southern Ocean all physi-
ological processes take longer, and acclimation in Antarctic marine ectotherms can take
many months and can occur more slowly in invertebrates than fish [11].

Mixed responses indicate that the mechanisms underlying thermal sensitivity are
complex. Oxygen and capacity limitation of thermal tolerance (OCLIT [2]) is one of
the mechanisms whose applicability has been questioned in the Antarctic [1], but also
more broadly with studies finding mixed responses both inside and outside the Southern
Ocean [19-21].

Here we synthesise a series of experiments conducted from 2006 to 2015 that inves-
tigated both the acclimation and acclimatisation capacity of selected Antarctic marine
ectotherms. Previous estimates of upper thermal limits for the long-term survival of
Antarctic marine ectotherms were extrapolated to temperatures between 1 and 6 °C for
incubations of several months [12]. To test if 6 °C represents the long-term limit for survival,
species from a range of phyla were selected to represent a range of functional groups, the
ophiuroids Ophionotus victoriae (Bell, 1902) and Ophiura crassa (Mortensen, 1936), the echi-
noid Sterechinus neumayeri (Meissner, 1900), the asteroid Odontaster Validus (Koehler, 1906),
the holothuroid Heterocucumis steineni (Ludwig, 1898), the anthozoa Urticinopsis antarctica
(Verrill, 1922), and the molluscs Margarella antarctica (E. Lamy, 1906) and Laternula elliptica
(P.P. King, 1832), were incubated at 6 and 8 °C for up to 10 months. Survivors were tested
for whole body acclimation to see if acute thermal limits (CTmax—the critical thermal maxi-
mum) had been elevated through exposure to these elevated temperatures. Acclimitisation
of O. validus was tested by comparing CTmax from field fresh individuals just after collection
from the shallow sea around the British Antarctic Survey’s Rothera Research Station in
spring, summer and winter seasons, and McMurdo Sound near Antarctica New Zealand’s
Scott Base. The aim was to test for spatio-temporal variation in CTyax. To test if elevated
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oxygen increased survival times at elevated temperatures, species were incubated long-
term under normoxic (21%) and mildly hyperoxic (30%) oxygen saturation. The arthropod
Paraceradocus miersi (Pfeffer, 1888), the ophiuroids Ophionotus victoriae and O. crassa were
incubated at 3 °C and S. neumayeri, O. Validus, and the holothuroids Cucumaria georgiana
(Lampert, 1886) and H. steineni were reared at 8 °C rising to 10 °C, under both normoxia
and mild hyperoxia. In this way, this study further investigated the paradigms of limited
physiological resilience, plasticity and the importance of oxygen setting upper temperature
limits in Antarctic marine ectotherms, searching for exceptions and potential new insights
into the underlying mechanisms.

2. Materials and Methods
2.1. Collections and Animal Husbandry

Experiments were conducted between 2006 and 2015 with individuals hand collected
by SCUBA divers in the austral summer, from 6-15 m depth, near Rothera Research
Station, Adelaide Island (67°34/25" S, 68°08'00” W). Common marine ectotherms were
selected from different phyla to represent a range of functional groups, for which aquarium
husbandry is well established and long-term temperature limits have been estimated under
normoxia [12]. All animals remained submerged throughout the transfer from the sea to
the flow-through aquarium system at the station. To control for size-dependent effects on
survival, we selected individuals of a similar size within each species group at the start of
the experiment, and only studied fully reproductive adults.

The 3.0 °C temperature —oxygen experiment was conducted in flow through aquaria
at Rothera Research Station. In Rothera, the tanks had a constant exchange of seawater
that was balanced to allow temperature and oxygen treatments to be maintained while
preventing any build-up of metabolic waste. In all experiments, seawater chemistry
was monitored every 2-3 days using Nutrafin aquarium test kits. Ammonia, nitrite,
and nitrates were maintained well below 0.4, 0.2 and 5 mg L.~! to prevent toxicity from
metabolic by-products.

All other animals were transported back to the UK in purpose-built, recirculating,
temperature-controlled transport aquaria maintained at 0.0 £ 0.3 °C with an average
12L:12D photoperiod for the six-week passage. Once in the UK, the animals were kept
in a temperature-controlled aquaria at 0.1 £ 0.1 °C until the start of experiments. In the
UK, holding and experiments were conducted in recirculating tanks that were fitted with
biological filters (EHEIM GmbH & Co KG, Stuttgart, Germany), UV sterilisers, bubbled
air, and plastic lids. Water quality was maintained with a combination of biological
filtration, protein skimming, and partial seawater exchanges (approximately 5-15% every
2-3 days), which was confirmed as detailed above. Throughout transport and experimental
incubations all animals were fed, to excess, on small pieces of fish or crustaceans except
for the filter feeders C. georgiana, H. steineni, and L. elliptica which were fed on a mixture of
instant concentrated Nanochloropsis spp. and Tetraselmis spp. (ZM Fish Food, Winchester,
UK) and algae growing naturally in the water.

In all experiments, functional survival (CTmax) was monitored daily in both treatment
and control animals through the following standard procedures cf [22]. For all but P. miersi,
the first sign that individuals were approaching their limit was the inability to remain
attached to the side of the tank. These individuals were then tested daily for the absence of
movement of arms, spines, and tube feet. For P. miersi, we used the absence of movement
of appendages (uropods or pleopods). If an individual was non-responsive it was returned
to the treatment tank and checked again 24 h later. If, after 24 h, there was still no response
to external stimuli then the number of days from the start of the experiment to the first day
with no response was recorded as the time taken for CTax to occur. To account for any
effect of size on mortality, the size of each individual was recorded.
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2.2. Identification of Anemone Species

A small piece of one tentacle was removed from each anemone and preserved in
96% ethanol. DNA was extracted from each tentacle using the DNeasy Blood and Tis-
sue kit (Qiagen, Manchester, UK) according to manufacturer’s instructions. The cy-
tochrome oxidase subunit I gene (COI) mitochondrial region was amplified using 1-2 uL
extracted DNA and MyTaq DNA polymerase mix (30 pL reactions; Bioline UK (now
Meridien Biosceince, London, UK), with 10 nmol each of the universal COI primers
for invertebrates (LCO 1490 5-GGTCAACAAATCATAAAGATATTGG-3'; HCO 2198 5'-
TAAACTTCAGGGTGACCAAAAAATCA-3') [23]. PCR conditions were 94 °C for 5 min,
five cycles of 94 °C for 1 min, 45 °C for 1.5 min, 72 °C for 1.5 min, followed by 30 cycles
of 94 °C for 1 min, 50 °C for 1 min, 72 °C for 1 min and a final elongation stage of 5 min
at 72 °C. The COI fragments were bi-directionally sequenced by Source Bioscience (Cam-
bridge, UK). The species identity of each individual was analysed using Blast sequence
similarity searching of INSDC (International Nucleotide Sequence Database Collaboration)
(https:/ /www.insdc.org/, accessed on 12 March 2020).

2.3. Acclimation Experiments: Temperature Incubations

Temperatures were raised at the same rate in all experiments (0.3 + 0.1 °C d=1) until
the incubation temperature was reached, and subsequently monitored daily (Figure S1).
O. victoriae, O. crassa, S. neumayeri, O. validus, H. steineni, U. antarctica, M. antarctica, and L.
elliptica were held at temperatures of 6.0 and 8.0 °C, temperatures that were 0 to 4 °C above
the long-term limits calculated from experiments with different rates of warming [12].
Control animals were kept at 0.0 °C in the main holding aquarium.

Acute thermal limits: individuals that survived beyond the duration of incubations
at both 6.0 and 8.0 °C were then tested to see if acute thermal limits were elevated due
to acclimation to these elevated incubation temperatures. These data were compared
with acute thermal limits conducted on control individuals that had been kept in the
aquarium at 0.0 °C. For the acute temperature ramping trials individuals were transferred
to plastic jacketed tanks (Engineering Design and Plastics Ltd., Cambridge, UK), whose
jackets were filled with 25% v/v ethanol in water solution, that was heated or cooled
by LTD20G thermocirculators (Grant Instruments, Royston, UK). Temperatures were in-
creased at 1.0 & 0.1 °C d ! until the last animal was no longer responding to the stimuli
detailed above.

2.4. Field Comparisons

Acclimatisation in field animals was tested for in only one species, the common starfish
O. validus. To test for field acclimatisation the assessment of CTpax of freshly collected
O. validus was repeated between 2006 and 2015 in both summer and winter. There was
also a test of individuals from Scott Base (77°50'57" S, 166°46'06" E) to allow for regional
differences and comparison with a site with even less annual and seasonal variation than
Rothera. As above, temperatures were increased at 1.0 + 0.1 °C d~! until the last animal
was no longer responding to the stimuli. For analysis, field temperature from the Rothera
Time Series [24] was measured by CTD (conductivity, temperature, depth) casts at 15 m
depth and was averaged for the month of animal collection.

2.5. Temperature—Oxygen Incubations

In temperature-oxygen incubations, temperatures were raised from ambient at the
same rate of warming as in previous trials (0.3 & 0.1 °C d~!). In the 2010/11 experiments,
individuals of P. miersi, and the ophiuroids O. victoriae and O. crassa, were incubated at
3.0 °C (Table 1), temperatures that were 1 °C above the calculated long-term limits for
O. victoriae and that matched those for P. miersii, based on the results of the acclimation
experiments and calculated long-term lethal limits [12]. S. neumayeri, O. validus, C. georgiana,
and H. steineni were incubated long-term at 8.0 °C. After 148 days, survival of H. steineni,
S. neumayeri, and O. validus was greater than 95%, and to increase the chance of testing for
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treatment effects, the incubation temperature was raised to 10.0 °C and maintained until
the end of the experiment (351 days in total).

Table 1. Summary of the conditions (4 SE) for temperature-oxygen incubations and a list of the
species used in each experiment with sample size per tank in parentheses. A step-change in tempera-
ture in the 2014 /15 experiment is indicated in parentheses. Species are (A) Paraceradocus miersii (30),
Ophionotus victoriae (30), Ophiura crassa (30) and (B) Sterechinus neumayeri (10), Odontaster validus (10),
Cucumaria georgiana (10), and Heterocucumis steineni (10).

Year Duration (d) Tank Treatment Temperature (°C) Oxygen (% O3) Oxygen (mg/L) *
(A)
2010/11 100 1 Control 0.9 +£0.05 21.0£0.1 13.9
2 Normoxic 3.0 £0.01 21.0£0.1 13.2
3 Hyperoxic 3.0 £0.02 29.3+£0.5 18.3
(B)
2014/15 351 1 Control 0.1 £0.01 21.0£0.1 14.2
2 Normoxic 8.6 £ 0.5 (10.0 £ 0.01) 21.0£0.3 114
3 Normoxic 8.1£0.2(9.9+£0.01) 215+ 0.5 11.8
4 Hyperoxic 8.1 £ 0.2 (10.0 £ 0.01) 30.5£0.6 16.8
5 Hyperoxic 8.0 £ 0.2 (10.0 £ 0.01) 31.3+£07 17.2

* Mean oxygen concentration (% O,) was converted to mg L1 using standard conversion tables (PreSens Precision
Sensing GmbH, Regensburg, Germany).

Oxygen levels were controlled by vigorously bubbling gas mixtures with different
oxygen concentrations through the water to ensure oxygen did not fall below the required
saturation and that the tanks were sufficiently mixed. In the Rothera experiments, premixed
cylinders with 30% oxygen, 390 ppm of CO, with the balance nitrogen, were used to control
hyperoxia (BOC, London, UK). In the UK experiments, cylinders of 100% oxygen and air
pumps were used, with the flow of gas mixtures into each tank controlled by needle
valves and adjusted as necessary to ensure that required oxygen concentrations were
maintained (Table 1). Stability of the oxygen concentration in all tanks was confirmed by
daily monitoring of oxygen levels during set-up of the experiment using a pre-calibrated
oxygen-sensitive foil and a Fibox-3 oxygen meter. We found that the stability of dissolved
oxygen concentrations was such that after set-up, monitoring was only required when
a gas cylinder was changed. In each experiment, controls were set up with animals held
at normoxia (21% O;) and a temperature of 0.0 £ 0.1 °C in the respective aquaria for the
duration of the experiment with no mortality.

2.6. Statistical Analysis

We used the Kaplan-Meier estimator to compare survival between treatments as it
takes account of individuals that survived beyond the duration of the incubation (R package
survival 3.5-8 [25]). Kaplan-Meier estimates median survival time including survivors as
censored observations. Mantel-Haenszel tests were used to test for differences between
temperature or oxygen treatments within each species.

For analysis of acute lethal limits after acclimation, trial (as a fixed factor) and replicate
(as a random factor to account for non-independence of species) were added to account
for any differences between the different experiments. To account for animal size, wet
weight was added as a covariate. Lethal limits were Box-Cox transformed to normalise the
residuals from ANOVA analysis (or in the case of U. antarctica, H. steineni, and O. Validus,
acclimatisation to assess them as visually approximately normal). All data sets had equal
variance (Levene’s test). To test for acclimatisation, CTmax of O. validus was regressed
against average water temperature during the month of collection.
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Survival, days

3. Results
3.1. Identification of Anemone Species

COI DNA sequences identified 27 out of 32 anemones as Urticinopsis antarctica. Five indi-
viduals were not identified with sufficient certainty and were removed from further analysis.

3.2. Temperature Incubations

In six out of eight trials, species survived for significantly longer when incubated
at 6.0 than 8.0 °C (Figure 1, Tables 2 and S1, Figure S2). The two exceptions were
M. antarctica, whose median survival duration (13 and 17 days) was not significantly
different at 6.0 and 8.0 °C (Chi? = 2.4, p = 0.1; Table S1), and the trial with S. neumeyari,
when the majority of individuals survived for the duration of incubations (303 days) at
both 6.0 and 8.0 °C (Chi® = 3.7, p = 0.06; Table S1). When considered across all trials, species
for which median survival durations could be estimated at both 6.0 and 8.0 °C survived for
significantly longer at the lower temperature (Chi? = 24.5, p < 0.01). O. validus also survived
more than 200 days at 8.0 °C until a technical failure of the tank.
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Figure 1. The Kaplan-Meier estimate of median survival duration, in days, after incubation at 6.0 and
8.0 °C. Species ordered from lowest to highest survival. Median =+ interquartile range. Hashed
lines indicate the duration of experiments for species for which the Kaplan-Meier estimator could
not be calculated as most individuals survived until the experiment ended (censored observations),
except for O. validus at 8.0 °C when the experiment terminated after 200 days due to a heater
failure. Missing interquartile ranges indicate that the Kaplan-Meier could not estimate that value
(Table S1). An asterix (*) indicates significantly different survival of that species between incubation
temperatures. See Figure S1 for the stability of incubation temperatures and Figure S2 for Kaplan-
Meier estimation figures.
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Table 2. Survival in each incubation experiment.

Species Incubation Mortalities Survivors % Survival
S. neumayeri 6°C 10 21 68
8°C 2 10 83
O. validus 6°C 1 19 95

8°C Technical failure

O. victoriae 6°C 27 0 0
8°C 23 0 0
O. crassa 6°C 24 0 0
8°C 25 0 0
M. antarctica 6°C 13 0 0
8°C 19 0 0
U. antarctica 6°C 1 13 93
8°C 16 0 0
L. elliptica 6°C 19 0 0
8°C 15 0 0
H. steineni 6°C 21 4 16
8°C 25 0 0
O. validus 21% 8 11 58
30% 12 8 40
O. crassa 21% 26 4 13
30% 4 26 87
P. miersi 21% 15 15 50
30% 15 15 50
O. victoriae 21% 30 0 0
30% 30 0 0
C. georgiana 21% 20 0 0
30% 20 0 0
S. neumayeri 21% 18 3 14
30% 19 0 0
H. steineni 21% 20 0 0
30% 19 1 5

3.3. Acclimation of Acute CTpax

U. antarctica acute CTmax was not significantly different when incubated at either 0 or
6 °C (F(1,25) = 0.7, p = 0.69), with no effect of animal weight (F(; »5) = 0.6, p = 0.61) or trial
(Fa.25) = 1.0, p = 0.33; Figure 2A; Table S2). H. steineni incubated at 6.0 °C had significantly
higher CTmax (F(1,85) = 8.2, p < 0.01) than those incubated at 0.0 °C (Figure 2B) but with no
effect of animal weight (F(; g5) = 0.2, p = 0.66; Table S2) or trial (F(; g5) = 0.8, p = 0.36). There
was, however, a significant difference between replicates (F(1 g5) = 5.9, p = 0.02), with the first
incubation having significantly higher CTmax (12.7 £ 0.34 °C at 0.0 °C and 13.6 + 0.29 °C
at 6.0 °C) than the second (12.1 + 0.31 °C at 0.0 °C and 12.8 + 0.34 °C at 6.0 °C). O. validus
incubated at 6.0 °C had a significantly higher CTmax (F(1,31) = 11.1, p < 0.01) than those
incubated at 0.0 °C (Figure 2C), with no effect of animal weight (F;31) = 3.7, p = 0.07;
Table S2), replicate (F(131) = 0.1, p = 0.72) or trial (Fy31) = 2.2, p = 0.15). Acclimation of
CTmax was also apparent for S. neumayeri (F 509) = 67.7, p < 0.01), with no effect of animal
weight (F(1 50) = 1.0, p = 0.3) or replicate (F(1 50) = 1.5, p = 0.23; Table S2). Lethal limits were
higher at 6.0 °C (T =9.6, p < 0.01) and 8.0 °C (T = 9.4, p < 0.01) than 0.0 °C (Figure 2D).
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Figure 2. Lethal temperature limits in four Antarctic marine invertebrates incubated in the laboratory
at 0.0, 6.0 and 8.0 °C. (A) Urticinopsis antarctica, (B) Heterocucumis steineni, (C) Odontaster validus, and
(D) Sterechinus neumayeri. U. antarctica was the only species whose CTmax did not acclimate between
control (0.0 °C) and elevated temperatures (6 and 8.0 °C). Where more than one data point is shown
for a given temperature, more than one experiment was conducted at different times. Urticinopsis
antarctica, 0 °C n = 14, 6 °C n = 13, Heterocucumis steineni, n = 19 to 24, Odontaster validus, 0 °C n = 14,
6 °C n =19 and Sterechinus neumayeri, 0 °Cn=12and 8,6 °Cn=21,8 °Cn = 10.
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There was no significant effect of average environmental (seawater) temperature
during the month of collection on CTmax measured in O. validus (F 64y = 0.82, p = 0.37;
Figure 3).

18.0 1

10.0 T T T T T
-2.0 =1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Environmental temperature, °C

Figure 3. Upper lethal limits of Odontaster validus tested directly after collection from the field in
different years and seasons. Mean =+ 2 SE.

3.4. Temperature—Oxygen Incubations

In the first experiment all individuals of O. victoriae reached CTmax within the 99 days
at 3.0 °C. The survival duration of both O. victoriae (median 84 versus 66.5; Chi? = 47.8,
p <0.01) and O. crassa (>100 versus 82; ChiZ2 =414, p < 0.01) was extended under hyper-
oxia (30%) compared to normoxia (21%; Figures 4 and S2; Table S3). A total of 87% of
O. crassa reached CTmax within 100 days under normoxia, whereas only 13% reached CTmax
under hyperoxia. The other difference in survival duration was O. validus incubated at
8.0 increased to 10.0 °C, which showed the opposite pattern, and survived significantly
longer under normoxia (median > 351 days) than hyperoxia (322 days). There was no sig-
nificant effect of oxygen concentration on survival of the other species but when all species
were considered together, survival was longer under hyperoxia (30%) than normoxia (21%;
Likelihood ratio, Chi? = 15.8, p < 0.01).
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Figure 4. The Kaplan-Meier estimated median survival duration, in days (£interquartile range) that
each species survived when incubated under normoxia (21%) or hyperoxia (30%). Hashed lines indicate
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the duration of experiments for species for which the Kaplan-Meier estimator could not be calculated
as most individuals survived until the experiment ended (censored observations). An asterix (*)
indicates species with significantly different survivals under different oxygen treatments. For stability
of incubation temperature see Table 1 and Figure S3 for the Kaplan-Meier estimation figures.

4. Discussion

Overall, we report mixed support for three central thermal physiology paradigms, with
species-specific responses in: (1) physiological tolerance, (2) long-term acclimation, and
(3) the effect of oxygen limitation on long-term survival. Previous estimates of long-term
thermal tolerance of Antarctic marine ectotherms, extrapolated from CTp,x assessments at
multiple rates of warming, were between 1 and 6 °C if warming occurred over months, but
dropped to a predicted average of 1.3 °C after about a year [12]. However, the current study
extended known long-term incubation limits, with some individuals of U. antarcticus and
H. steineni able to survive long-term at 6 °C, and O. validus and S. neumayeri at temperatures
up to 10 °C (Table 1). Of all the Antarctic marine ectotherms tested to date, O. validus is
one of the most tolerant, with the collapse of physiological processes (food processing and
coelomic oxygen concentration) at 6 °C and loss of activity at 9 °C [12]. S. neumayeri also
has a thermal tolerance towards the upper-end of the Antarctic ectotherm assemblage, with
average functional thresholds in short-term warming around 8.3 £ 1.3 °C [26]. This study
extended the long-term tolerance of O. validus and S. neumayeri to higher than previously
reported temperatures of up to 10.0 °C, although it should be noted that individuals might
have been resisting warming for long periods and might have impaired functions that
would preclude, e.g., reproduction and recruitment. This is likely the case for U. antarcticus,
which did not show evidence of acclimation, even after 245 days at 6 °C.

The current study, therefore, extends the known long-term experimental upper thermal
limits of several Antarctic marine species to up to 8.2 °C, well above current maximum
summer temperatures recorded in Marguerite Bay (1.8 °C [24]). The warming trend of
air temperature along the Western Antarctic Peninsula since the 1970s has continued after
a brief hiatus around the turn of the 21st century [27]. However, the warming signal
in the Southern Ocean is less clear, with slower than average surface warming (0.02 °C
per decade since 1950) [28]. The findings of the current study therefore suggest that the
thermal limit of the most tolerant shallow water Antarctic marine ectotherms will not
be breached for several centuries. However, thermal tolerance is species-specific, with
limits for less tolerant species such as O. victoriae (this study and [19]), and the encrusting
spirorbid worm Protolaeospira stalagmia [18], likely be reached in much less than 100 years,
which will directly impact ecosystem biodiversity. Also, the limits for activity are often
much lower than CTnax estimates, with species expected to suffer ecological impacts at
temperatures well below CTyax. Species such as the scallop Adamussium colbecki, the limpet,
Nacella concinna, and the bivalve mollusc, L. elliptica, have behavioural limits between 2 and
3 °C [28] which will clearly affect long-term survival in the wild. Understanding the
variation in thermal tolerance between species, and between physiological functions, is
crucial for determining the likely winners and losers in response to climate change and,
therefore the impact of these changes on ecosystem function.

The responses of species to the effect of elevated oxygen on long-term survival arguing
against the OCLTT being a universal mechanism controlling upper temperatures limits.
While some species had clearly elevated CTmax under mild hyperoxia, indicating a positive
effect of oxygen on whole animal CTmay, the response was not consistent across species
and O. validus even showed a slight negative effect of hyperoxia on survival. As with the
findings of the current study, Clark et al. [19] found multiple mechanisms underpinning
species response when incubated at temperatures just below CTnax, with only two species
showing the switch from aerobic to anaerobic metabolism [19]. Species-specific thermal
tolerances have been linked to their functional traits, with the most active species having
higher upper lethal limits [12]. Activity is correlated with aerobic scope, with more active
species having an oxygen supply cascade that is capable of supplying more active tissues,
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resulting in a greater “total excess aerobic power budget” and therefore a higher capacity
to resist thermal challenge [12,29]. However, where in the past Antarctic marine ectotherm
species with higher activity levels have survived warming to higher temperatures [12], and
this was taken as support for OCLTT, the species that acclimated to the higher temperatures
in this study were all low-activity species, arguing against the importance of oxygen
limitation. In the current study, the most resistant species came from a mixture of functional
groups, from a mobile obligate predator through to a sessile primary consumer. It should
be noted that the use of CTax to test the OCLTT has been criticised and future research
should include sub-lethal assays of thermal tolerance such as activity and the response of
physiological pathways [30].

High concentrations of dissolved oxygen are expected to form free radicals, which
could lead to tissue damage during long-term incubations [31]. If oxygen was not limiting to
O. validus at the chosen incubation temperatures, then mild hyperoxia could have resulted
in oxygen free-radical damage or additional costs for antioxidant defence mechanisms (e.g.,
superoxide dismutase [31]). This could potentially explain the negative effect of hyperoxia,
but also provides a clear indication that oxygen was not limiting at these temperatures for
this species. It is possible that a different pattern will be seen at higher temperatures.

At temperatures typical of polar oceans, the acclimation of physiological systems of
marine invertebrates can take many months, with successful whole animal acclimation
being recorded in three out of eight Antarctic marine invertebrate species within 2 and
9 months at 3-8 °C ([11] and current study). Acclimation in Antarctic fish was faster, with
seven out of nine species acclimating within 5 to 36 days at 4 to 7 °C [32-37]. In the current
study, the anemone U. antarcticus survived, with minimal mortality, for 270 days at 6 °C but
with no whole animal adjustment of CTmax. Caution must be applied when interpreting
the CTmax of survivors in thermal challenge experiments, as this will likely overestimate
resilience, as only a subset of the more resilient survivors is being tested (5-95% survival).
Also, the results under carefully controlled laboratory conditions may not reflect survival
in the wild when sub-lethal effects will likely limit long-term population persistence, and
how these reductions in sub-lethal performance will affect ecological interactions (e.g.,
reproduction, disease resistance, predation, and competition) is likely to be important. The
slow rate of surface warming in the Southern Ocean [38] means that even a small amount
of acclimation can provide species with a significant additional thermal buffer for many
decades, long enough for generational plasticity and the possibility of adaptive change,
even in Antarctic species [11].

It is therefore not surprising that O. validus did not show acclimatisation of acute CTmax
in the field over the temperature range —1.8 to +1.1 °C. It is probable that the duration
of the peak of summer temperatures (1-2 months [24]) or the maximum environmental
temperature (+1.1 °C in the field) were not sufficient to trigger whole animal physiological
adjustment of CTmax. The lack of predictable seasonal temperature change in the Southern
Ocean could explain the lack of ecologically relevant acclimatisation, the observation that
species do not select preferred temperatures, and why there are no observable escape re-
sponse thresholds [15,16]. However, many other factors, such as tissue energy status, affect
CTmax (e.g., [39]), and there might be greater seasonal differences in thermal tolerance in
primary consumers with seasonally restricted food supplies, than in predators/scavengers
which have a more constant food supply [40]. The complexity of the triggers for molecular
thermal protective mechanisms has been illustrated for the HSP70 heat shock response
in the Antarctic limpet, N. concinna. Acute laboratory thermal challenge did not elicit
upregulation of HSP70 gene expression until temperatures of 15 °C, whereas limpets in the
wild expressed HSP70 at foot temperatures of only 3.3 °C during a natural tidal cycle [41].

This study has highlighted species-specific variation in long-term survival at elevated
temperatures, acclimation response and the influence of oxygen on CTnax of Antarctic
marine ectotherms. The search for mechanisms underlying the evolution of physiological
capacity [1,2,42] provides important frameworks against which exceptions can be identi-
fied and explanatory hypotheses constructed for future research. Thermal sensitivity is
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clearly the product of multiple ecological and physiological capacities, and this diversity of
response needs further investigation and interpretation to improve our ability to predict
future patterns of biodiversity.

5. Conclusions

Tests of three of the central paradigms underlying physiological response of Antarctic
marine ectotherms to warming highlighted species-specific responses in regard to resilience,
plasticity and the effect of oxygen limitation. This further highlights the complexity of
thermal physiology and the need for further investigation and interpretation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biology13040224/s1, Figure S1. Example temperatures dur-
ing ramping and incubation experiments at, A 6.0 °C and B 8.0 °C for 4 species Heterocucumis
steineni, Odontaster validus, Sterechinus neumeyeri and Laternula elliptica, C for the 1% temperature-
oxygen experiment. Figure S2. Kaplan Meier fits for survival of Ophiura crassa, Ophionotus victoriae,
Margarella antarctica, Laternula elliptica, Sterechnius neumayeri, Odontaster Validus, Hetercucumis steineni
and Urticinopsis antarctica. Figure S3. Kaplan-meier fits for survival of Odontaster validus,
Sterechinus neumayeri, Heterocucumis steineni, Cucumaria georgiana, Ophionotus victoriae,
Paraceradocus miersi and Ophiura crassa incubated at normoxia (21%) and hyperoxia (30%). See
Table 1 and Figure 1 for incubation temperatures. Table S1. Median and interquartile range from
Kaplan Meier fits in days (& Inter-Quartile Range). Nominal temperatures of 6.0 and 8.0 °C are
listed that had a typical SE of & 0.04 °C (Figure 1). Table S2. Wet mass of incubated individu-
als, mean, standard error and sample size. Within each species, there were no significant differ-
ences in wet mass between treatments. Table S3. Median and interquartile range from Kaplan
Meier fits for Odontaster Validus, Sterechinus neumayeri, Heterocucumis steineni, Cucumaria georgiana,
Ophionotus victoriae, Paraceradocus meirsi and Ophiura crassa incubated at either normoxia (21%) and
hyperoxia (30%).
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Simple Summary: Plants in arid areas have evolved narrow linear leaves or degenerated into
cone-shaped spines to reduce solar radiation and excessive water loss. We have demonstrated
for the first time the widely distributed sub-tree species of Elaeagnus angustifolia in arid areas. E.
angustifolia has large- and medium-sized leaves, and the surface of the leaves is covered with umbrella-
shaped ratchet trichomes that can capture moisture in the air and reflect solar radiation. This study
reveals that the trichomes on the E. angustifolia leaf surface can collect water and reflect light, which
provides a reference for bionic development and research in atmospheric water harvesting, seawater
desalination, energy management, microfluidic control, and daytime radiative cooling.

Abstract: Leaves are essential for plants, enabling photosynthesis and transpiration. In arid regions,
water availability limits plant growth. Some plants, like Elaeagnus angustifolia, a sandy sub-tree
species widely distributed in arid and semi-arid regions, have unique leaf structures to reduce
water loss and solar radiation. Here, we describe the leaves of Elaeagnus angustifolia L., with special
functioning trichomes. Through leaf submicroscopic structure observation, in situ water collection
experiments, photosynthesis measurements, and reflection spectrum analysis, we investigated E.
angustifolia leaves, focusing on their functioning trichomes. These trichomes capture water vapor,
reflect UV and NIR light, and possess a 3D interface structure composed of 1D and 2D structures. The
1D conical structure captures water droplets, which are then gathered by the radial conical structure
and guided towards the stomata through wedge-shaped grooves on the 2D umbrella structure. The
trichomes also reflect sunlight, with micropapillae reflecting UV light and the umbrella structure
reflecting NIR light. These mechanisms reduce leaf temperature, respiration, and water transpiration,
protecting against solar radiation damage. This study provides insights into water collection and
light-reflection mechanisms, revealing adaptive strategies of plants with large leaves in arid regions.

Keywords: Elaeagnus angustifolia leaf; umbrella-shaped ratchet trichomes; water collection; light
reflection

1. Introduction

In arid regions characterized by clear skies and intense sunlight [1-3], efficient water
acquisition, water conservation, and reduced solar radiation and heat absorption are critical
for the survival of plants [4-6]. Plant leaves, like other organs, experience severe drought
stress [7]. Consequently, leaves have developed an ingenious and effective mechanism to
absorb water and reflect light in response to environmental stress. For instance, Opuntia
microdasys leaves in desert areas possess specialized spines and glandular trichomes that
minimize solar radiation and water loss during gas exchange and transpiration. More-
over, these clustered needle-like spines enable the directional collection of airborne water
droplets [8], which sustains cactus survival in arid environments for several days. Another
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example is Syntrichia caninervis, a perennial plant that thrives in arid regions. Its leaves
feature long white “awns” at their tips, which efficiently collect and transport water from
the air, while also reflecting sunlight to minimize water evaporation. This adaptation allows
S. caninervis to flourish in arid environments [9]. In semi-humid regions, the large palmate
leaves of Populus tomentosa possess a non-wettability hollow white tomentose layer on
their back surfaces, which reflects up to 55% of sunlight. This feature significantly reduces
leaves” heat absorption and shields them from intense solar radiation [10]. However, little
is known about the drought-resistant strategies of plants with large- and medium-sized
leaves in arid and semi-arid regions.

Elaeagnus angustifolia L. (Elaeagnaceae) is a deciduous tree or large multilayer shrub
with small size and spines. It is widely distributed in arid and semi-arid areas [11]. This
species is commonly known as “Russian olives” or “oleaster” [12] and is native to southern
Europe, Central Asia, and the Western Himalayas [13]. During the early 20th century, it was
introduced from Eurasia to Canada, the United States, the Mediterranean coast, Southern
Russia, Iran, and India [14]. The fruit of E. angustifolia is highly nutritious, containing
proteins, sugars, vitamins, and minerals, making it a valuable natural food and medicinal
herb [15]. The climate conditions suitable for E. angustifolia are mainly found in cold and
dry warm and mid-temperate zones in winter, as well as in arid and semi-arid regions
between 30° N and 50° N in China [16]. E. angustifolia thrives in these areas, where the
annual rainfall does not exceed 300 mm [17-20]. Due to its ability to withstand severe
drought, high salinity, cold, and wind stress [21], E. angustifolia plays a crucial role in
preserving ecosystem functionality in arid areas [22].

The leaves of E. angustifolia are medium-sized and lanceolate in shape. They possess
trichomes on both the upper and lower surfaces, exhibiting a silver-white color [23,24].
Upper sun leaves are smaller, more slender, and thicker than the lower, half-exposed shade
leaves [25]. The foliage of a single E. angustifolia plant displays a gradient from silver-
white to dark green, with peltate trichomes on the upper sun-exposed leaves, pedestalled
trichomes on the medium half-sun-exposed leaves, and multicellular trichomes on the
lower shade leaves [24,25]. This leaf heterogeneity likely represents a specific adapta-
tion to the environment [25,26]. However, there is limited information available on how
E. angustifolia leaves respond to environmental conditions. In this study, we conducted
submicroscopic structure observations of E. angustifolia leaves, performed in situ water-
collection experiments, measured photosynthesis rates, and analyzed reflection spectra in
order to determine their ability to collect water and reflect sunlight with their specifically
constructed trichomes. This study provides the first insights into a novel mechanism em-
ployed by E. angustifolia leaves to acquire water and modulate light reflection, significantly
contributing to our understanding of how plants with large and medium-sized leaves
respond to environmental stresses in arid regions.

2. Materials and Methods
2.1. Sample Collection and Characterization

In July 2021, fresh adult E. angustifolia leaves were collected from the southern edge of
the Mu Us Sandy Land (37°95'70" N, 106°42’47" E) in China. Healthy leaves were cut into
2 x 2 mm pieces, which were gold-spayed using an ion beam sputtering system (Hitachi
E-1045, Tokyo, Japan) with a thickness of 20 nm. The microstructure of the leaf surface
was observed with a field-emission scanning electron microscope (ESEM; Hitachi 5-4800,
Japan). The maximum magnification of the SEM was 650,000 times, the acceleration voltage
was 0.530 kV; the resolution was 2.2 nm at 1 kV and 1.0 nm at 15 kV. The adaxial and
abaxial leaf surfaces trichome size and morphology conducted SEM image comparison
through MATLAB (Version R2022a.MathWorks, Inc., Natick, MA, USA) scripts to compute
the trichome similarity.
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2.2. Determination of Leaf Surface Wettability

A1 pL water droplet was applied to the leaf surface, and the contact angle (CA) was
measured using a Dataphysics OCA20 CA device (Dataphysics Inc., Filderstadt, Germany)
with five replicates for each leaf within 30 s [27]. The measurement was conducted at room
temperature (25.00 &= 1.00 °C), and the relative humidity was kept at 80%.

2.3. Water-Collection Experiment

The trichomes were carefully fixed on a glass slide, and purified water (Milli-Q Ref-
erence, Inc., Bedford, MA, USA) was added to an ultrasonic humidifier (Yadou YC-D204,
Shanghai, China) to generate fog droplets to the leaf trichomes. Water collection of the
trichomes was examined under the saturation status at a flow rate of 20-30 mm s~ ! accord-
ing to Ju [8]. The trichome region was imaged using a CCD color camera (Moticam Pro
252A; Motic Instruments Inc., Richmond, BC, Canada) attached to a compound microscope
(BA410; Motic) at a magnification of x10.

2.4. Photosynthesis Determination

A portable photosynthesis system (LI-6400; LI-COR, Inc., Lincoln, NE, USA) was used
to measure the photosynthetic rate, intercellular CO, concentration, stomatal conductance,
and transpiration rate of the leaves according to Lawrence [28]. In July 2021, the southern
edge (37°95'70" N, 106°42'47" E) of the Mu Us Sandy Land in China was utilized. Experi-
mental results were tested statistically via paired two-tailed Student’s t-test and expressed
as mean + SEM by OriginPro (Version 2023. OriginLab Corporation, Northampton, MA,
USA). Data were considered statistically significant when p < 0.05.

2.5. Spectral Measurement and Statistical Analysis

The spectra of the front and back surfaces of E. angustifolia leaves were measured using
a USB4000 miniature fiber optic spectrometer (Ocean Optics, Inc., Dunedin, FL, USA), with
a spectral range of 200-850 nm. Before measurement, a standard whiteboard was used
for calibration, and the viewing angle was 25°. Three replicates were performed for each
sample, and the mean value was taken as the spectral reflectance of this sample. R v3.6.0
and Origin v20.0 were used to analyze and plot the different data.

3. Results
3.1. Leaf Surface Characteristics

E. angustifolia has lanceolate leaves (Figure 1a), the adaxial and abaxial surfaces of
which are covered with shiny, silvery-white trichomes. There are fewer trichomes (with
a coverage of <37%) on the adaxial leaf surface (Figure 1b), while trichomes cover the
entire abaxial leaf surface (Figure 1c). No significant difference in the trichome size and
morphology was observed between the adaxial and abaxial leaf surfaces. There are many
stomata on the epidermis of the abaxial leaf surface (Figure 2e)

3.2. Structure and Characteristics of Trichomes

A scanning electron microscope (SEM) was used to further observe the individual
trichomes on the E. angustifolia leaf surface. The trichome is in the shape of an umbrella-
shaped ratchet, harboring a plurality of wedge-shaped grooved two-dimensional (2D)
umbrella surfaces composed of multiple tapered conical spines (Figure 2a). There are
micropapillae on the apex of the umbrella surface, and the ratchet structure is composed of
multiple one-dimensional (1D) cones extending radially from the periphery of the umbrella
surface (Figure 2b). The umbrella-shaped ratchet trichomes are hollow (Figure 2c), and the
micropapillae on the apex of a single trichome have an apex angle («) of 115.30 £ 9.30°
(n =20), a height (h) of 30.00 & 9.10 um (n = 25), a basal width of 58.20 &= 9.30 um (1 = 24),
and h/w of 0.50 =+ 0.20 (n = 24) (Figure 2d). A single conical spine has a length (L) of
186.27 £ 20.20 pum (1 = 40), and a single conical spine has an angle (01) of 7.46 £ 1.72°
(n = 40); the angle between two adjacent conical spines (6,) is 15.48 £ 2.64° (n = 45)
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(Figure 2f). The above findings indicate that a single umbrella-shaped ratchet trichome has
both 1D and 2D structures.

Figure 1. Morphological characteristics of E. angustifolia leaves. Medium-sized E. angustifolia leaves
are lanceolate. (a) Wild E. angustifolia; (b) front surface of the leaf with sparse trichomes in dark green
color; (c) back surface of the leaves with dense trichomes in white-gray color; (d) SEM of leaf front;
(e) SEM of the back of the leaf.
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Figure 2. Submicroscopic structure of E. angustifolia leaves. An umbrella-shaped ratchet trichome

of E. angustifolia leaves is composed of one-dimensional cone thorn and two-dimensional umbrella
surface. (a) SEM image of umbrella ratchet trichome on leaf surface; (b) SEM image of trichome
ratchet fiber; (c) SEM cross-section of E. angustifolia leaves, hollow structure of leaf trichomes (green
solid arrow); (d) SEM of the structure of microemulsion on the top of a single trichome; (e) SEM
image of the outer and inner layer structure on the back of the leaf with many stomata (red solid
arrows); (f) an umbrella ratchet structure model of single trichome on the leaf surface of E. angustifolia
composed of one-dimensional cone thorn and two-dimensional umbrella surface.
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3.3. Leaf Wettability

The front and back surfaces of E. angustifolia leaves are micro-/nano-level heteroge-
neous rough surfaces, mainly composed of a number of umbrella-shaped ratchet trichomes.
The wettability of the front and back leaf surfaces was measured. The contact angle of the
adaxial leaf surface was 117.40 & 5.40° (n = 8) (Figure 3a), and that of the abaxial leaf surface
was 138.20 &+ 3.70° (n = 8) (Figure 3b), suggesting that both leaf surfaces are hydrophobic
interfaces with self-cleaning properties.

a b
Upper epidermis of leaf Lower epidermis of leaf

Figure 3. Leaf surface wettability of E. angustifolia. (a) The wettability of the epidermis on the leaves;
(b) the wettability of the leaf lower epidermis.

3.4. Multifunctional Hierarchical Water-Collection Mechanism of Trichomes

The water-collection experiment was carried out on the trichomes of the E. angustifolia
leaf surface, and the results showed that these trichomes could capture and directionally
transport water droplets (Figures 4-6). There were many stomata (Figures 2e and 7a) on
the leaf surface. Water droplets were captured by a single conical spine at the edge of the
ratchet trichome (Figures 4b and 7b) and transported from the apex to the base of the conical
spine through the Laplace pressure difference. Two adjacent conical spines formed an open
“wedge”-shaped capillary gap for water collection (Figure 4c). The aggregated water was
transported to the apex of the umbrella handle through the wedge-shaped grooves on the
abaxial surface of the umbrella-shaped trichomes (Figure 7c,d). Then, the water flowed
from the apex to the base of the umbrella handle, from where it flowed into the stomata
on the leaf surface, entering the leaf interior (Figure 7e), and finally, the airborne water
captured by the trichomes was absorbed by the leaf. Large droplets were aggregated by
multiple conical spines onto the leaf surface, where they were absorbed by the stomata.
Therefore, the umbrella-shaped ratchet trichomes on the E. angustifolia leaf surface harbor a
multifunctional hierarchical water-collection mechanism (Figure 8).

3.5. Response of Leaves to the Light

At noon (12:00-14:00) on a cloudless day, the adaxial surface of E. angustifolia leaves
curled or turned over with the increasing sunlight intensity, exposing the abaxial leaf
surface to the sunlight (Figure 9a). From morning to noon, the photosynthetic rate of E. an-
qustifolia leaves changed intermittently: the stomata gradually closed, the transpiration rate
gradually decreased, and the intercellular CO, concentration fluctuated instantaneously
(Figure 9b). The carbon dioxide concentration on the leaves was higher than in the environ-
ment, while the temperature, water, and relative humidity on the leaves were lower than
in the environment (Figure 10). Both the front and back surfaces of E. angustifolia leaves
could absorb blue (400-520 nm) and red lights (610-720 nm), while they highly reflected
rays in the UV (<380 nm) and NIR regions (>700 nm) (Figure 9c). The umbrella-shaped
ratchet trichomes on the E. angustifolia leaf surface greatly reduced the absorption of solar
radiation and heat by the leaves (Figures 9d and 11).
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Figure 4. Water-collecting process of single trichome on the leaf surface of E. angustifolia (a—b—>c).
(a) The water-collecting of a single trichome at 0 s; (b) The water-collecting of a single trichome at
15 s; () The water-collecting of a single trichome at 45 s.

Figure 5. Water-collecting process of a single trichome with local magnification on the leaf surface of
E. angustifolia (a—b—c—d—e—f).(a) The water-collecting of a single trichome with local magnifi-
cation at 0 s; (b) The water-collecting of a single trichome with local magnification at 50 s; (c) The
water-collecting of a single trichome with local magnification at 52 s; (d) The water-collecting of a
single trichome with local magnification at 55 s; (e) The water-collecting of a single trichome with
local magnification at 60 s; (f) The water-collecting of a single trichome with local magnification at
130s.
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Figure 6. Water-collecting process of multiple trichomes on the leaf surface of E. angustifolia
(a—b—c—d—e—f).(a) The water-collecting of multiple trichomes at 0 s; (b) The water-collecting
of multiple trichomes at 1 s; (¢) The water-collecting of multiple trichomes at 2 s; (d) The water-
collecting of multiple trichomes at 3 s; (e) The water-collecting of multiple trichomes at 4 s; (f) The
water-collecting ofmultiple trichomes at 5 s.

Figure 7. Water-collecting process of single trichome on leaf surface of E. angustifolia. (a) Side view of

single umbrella ratchet trichome, in which the red arrow indicates the stomata on the leaf surface;
(b) enlarged view of the trichome root of umbrella ratchet, in which the blue arrow represents the
moving direction of droplets and the red arrow indicates the pores on the leaf surface; (c) the blue
arrow in the figure represents the moving direction of the droplet; (d) the umbrella ratchet trichomes
the groove structure on the back of the umbrella surface, and the blue arrow in the figure represents
the moving direction of the droplet; (e) water-collection pattern of single trichome, in which the blue
arrow indicates that the droplet enters the stomata on the leaf surface.
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Figure 8. Multifunctional layered water-collecting mechanism of umbrella ratchet trichomes on leaf
surface. The concentric shaded area shows the functional mapping between the size trichome of the
structure on the umbrella ratchet trichome and the size trichome of water a-d. The arrow shows that
the trichome is a catchment system composed of grading mechanisms, which together effectively
capture all available water. a. Nucleation improves overall surface properties by providing a layer of
water. The overall wettability is improved, providing more favorable nucleation, fog capture (yellow
solid arrow), and water transport (yellow dotted arrow). b. Fog collection (one-dimensional cone
prick fiber) and water accumulation (two adjacent single cones form an open octagonal capillary gap)
gather large droplets (solid red arrow). c. The water droplets are transported on the back of the two-
dimensional umbrella trichome (wedge-shaped groove), flow from the top of the umbrella handle to
the base of the umbrella handle, enter the leaf surface pores, and prepare the next group of water
droplets for the one-dimensional fiber cone to pierce the umbrella surface of the two-dimensional
wedge-shaped groove (red dashed arrow). d. Large droplets are absorbed by multiple fiber cones
(umbrella ratchet trichome clusters) and leaf surfaces (pores) (solid green arrows).
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a -

Temp (°C)
S

—_
n
1

*k

-

[ ITair
- Tleat

*x

W

9:20-9:30

Figure 10. Cont.

9:45-9:55

11:00-11:10

Time

11:50-12:30

b

CO, (ul*L7Y)

137

160

120 4

80 4

40+

9:20-9:30

*k

9:45-9:55
Time

*k

11:00-11:10

@ co,r
co,s

11:50-12:30

\w® - Net photosynthesis rate L 2.0x10°
® Intercellular CO, concentrftion| ~
‘ ‘ F15x10° ~
L 6 !
o “ om [ L0610 2
— — ’ Fsoxios =
3
= #Am 0.0 o]
F-5.0x10°
T T T T -1.0x10°
10:30 11:00 11:30 12:00
Time F
-~ ®- Stomatal conductance| 20 !
= Transpiration rate &
- F15 !
o -]
= B
& ] k1.0 =
£
o 0.5 g
] =
=l
= h 0.0 £
g
T T T - -0.5 =
10:30 11:00 11:30 12:00




Biology 2023, 12, 1024

C s0- - d - 53 %
H,0 R I RH R
W, —

1 [ H,0s [ JRHS
2.5 + +

2.0

—
~
1

—
=)
1

®
1

ok

*k
) _. » 2 -. /—\
0.0 - 0 -

9:20-9:30 9:45-9:55 11:00-11:10 11:50-12:30 9:20-9:30 9:45-9:55 11:00-11:10 11:50-12:30

Relative humidity (%)

H,0(mmol * mol ")

Time Time

Figure 10. Response of E. angustifolia leaves to environment. (a) Change in temperature on the
leaves with time (Tleaf is the temperature on the leaves; Tair is the temperature in the environment);
(b) change in CO;, on the leaves with time (CO, S is the CO, on the leaves; CO; R is the CO; in the
environment); (c) change in HyO on the leaves with time (H,O S is the CO; on the leaves; H,O R is
the H,O in the environment); (d) change in relative humidity on the leaves with time (RH S is the
relative humidity on the leaves; RH R is the relative humidity in the environment). p values were
determined by Student’s t-test (** p < 0.01).
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Figure 11. Screening of umbrella ratchet trichomes on leaf surface and mechanism of sunlight. The
different shaded areas show the selection range a—c of different parts on the umbrella ratchet trichome
for sunlight. All the arrows show the sun’s rays on the trichome. a. The microemulsion on the top
of the umbrella ratchet trichome reflects the ultraviolet rays (solid purple arrow). b. The umbrella
surface part of the umbrella like ratchet trichome reflects the near-infrared ray (solid dark red arrow),
and the blue light (blue dotted arrow) and red light (red dotted arrow) reach the blade surface
through the umbrella surface part. c. Gap between umbrella-shaped ratchet trichomes and the leaf
surface. d. Leaf surface. The gray vertical dotted line is the normal line.

4. Discussion
4.1. Occult Precipitation Is an Important Source of Water in Arid Regions

In arid regions with little precipitation and strong sunlight radiation, the relative
air humidity fluctuates between 30% and 90% with the changing temperature [29]. The
natural precipitation and occult precipitation (e.g., nucleation droplets and fog droplets)
are two different sources for plant water collection [30], of which natural precipitation
is the main source [31]. Although the water amount of natural precipitation is large, the
duration is often short, with a long dry interval between two precipitation peaks. Occult
precipitation accounts for 13% of the total surface water sources as an important source of
water for plants to survive during the intermittent period between natural precipitation [32].
Different from natural precipitation, the water amount of occult precipitation, in which
water is adsorbed on the surface of plants, is small [33]. However, its duration is longer and
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more stable than that of natural precipitation, which is of great significance to the survival
of plants and small animals in arid regions [34].

Natural E. angustifolia forests are widely distributed in arid and semi-arid regions, and
the abaxial surface of E. angustifolia leaves is fully covered with umbrella-shaped ratchet
trichomes. In this study, observing E. angustifolia leaves on cloudy and windless mornings,
we found that the abaxial surface of the leaves was moist. This indicates that the abaxial
surface of E. angustifolia leaves can intercept the occult precipitation from the air, which is
an important mechanism for E. angustifolia to adapt to the arid environment.

4.2. Umbrella-Shaped Ratchet Trichomes on the E. angustifolia Leaf Surface Can Capture and
Directionally Transport Water Droplets

The wetting process in solid materials exists widely in nature; the homogeneous rough
surface is hydrophilic [35], while the non-homogeneous rough surface is hydrophobic [36].
Materials with anisotropic wetting characteristics can control the movement behavior of
droplets in a specific direction, enabling directional droplet transport [37]. A droplet can
be driven by factors related to asymmetric gradients [38,39], thermodynamics [40,41], and
chemistry [42,43]. For example, droplets on the surface of asymmetric objects can be driven
to move toward regions with a larger radius due to the Laplace pressure generated by the
asymmetric gradients.

The phenomenon that water accumulates on the leaf surface and enters the leaf interior
is called foliar water uptake (FWU), which can be facilitated with the assistance of stomata,
cuticles [44], trichomes [45], or hydathodes [46]. Fog droplets usually harbor a smaller
diameter (1-15 um) compared to rain droplets (0.5-5 mm) [47]. On a nanostructure inter-
face, a single microdroplet with a diameter of 2—4 um gradually forms an approximately
spherical droplet with a diameter of 4-6 pm [48,49]. A single umbrella-shaped ratchet
trichome on the E. angustifolia leaf surface exhibited a 3D interface composed of anisotropic
1D and 2D structures (Figure 2a). The 1D ratchet structure was composed of a plurality of
radial cones with an acute apex angle (61 = 7.46 & 1.72°) and a micro-/nanostructure sur-
face (Figure 2b,f). The conical structure [8,38,50] produced the Laplace pressure difference
between two asymmetric gradients of the droplet. The capillary force (Figure 2b,f) gener-
ated by the angle between two adjacent conical spines (6, = 15.48 & 2.64°) could further
drive the droplets to the base of the spine. On the surface of 2D materials, the directional
transport of liquids can be achieved through surface-energy gradients and Laplace pressure
gradients. It has been reported that the water-collection ability is enhanced with the size of
the patterned surface with a star-shape decrease from 1000 to 250 um [51]; the patterned
surface with a wedge-shaped array structure can also efficiently collect water [52]. The
2D umbirella surface structure of the ratchet trichomes is a patterned surface composed of
multiple wedge-shaped groove structures (Figure 2a), which can also enhance the water-
collection ability. In addition, since CO, diffuses 10,000 times slower in water than in
air [53], there is a strong selective pressure on land plant leaves to enhance water repellency.
Trichomes on the leaf surface have a great influence on water repellency of the leaf (i.e., the
extent to which droplets form on the leaf surface), as well as on the retention of droplets
on the leaf [54]. The micropapillary structure on the apex of the trichomes (Figure 2b)
increased the heterogeneous roughness of the leaf, making the leaf superhydrophobic
(Figure 3).

The water-collection process of the 3D interface structure of the trichomes on the
E. angustifolia leaf surface exhibited a hierarchical asymmetric effect. During the nucle-
ation process, the droplets first randomly condensed on the spine surface (Figure 4b,c and
Video S1) and then converged toward the base of the spine, where the droplets aggregated
to form larger droplets and moved from the semi-conical structure to the patterned sur-
face with wedge-shaped grooves. Then, the larger droplets moved along the patterned
surface (Figure 5b—f and Video S2), enabling the directional transport of droplets from
micro-trichome to macro-trichome (Figures 6b—f and 7, Video S3). However, the water-
collection efficiency of trichomes, either a single trichome or multiple trichomes, has not
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been thoroughly investigated in this study, which needs to be further examined in the fu-
ture. Compared with other water-collection systems, such as 1D fibers [8,9], highly irregular
2D surfaces [55], and 3D leaf-trichome hierarchical structures [27], each umbrella-shaped
ratchet trichome on the E. angustifolia leaf surface is an independent microsystem with a 3D
interface structure composed of 1D and 2D structures that can collect water hierarchically
(Figure 8), enabling the capture of water droplets and the directional transport of water. In
the natural environment, the apex of the trichomes on the abaxial surface of E. angustifolia
leaves is facing the ground, like many umbrella-shaped containers hanging upside down.
The water droplets in the air aggregate into larger droplets via the spines on the periphery
of the umbrella-shaped structure and are transported to the umbrella-shaped container
for temporary storage through the umbrella surface, which strengthens the collection and
retention of water droplets and prevents the collected large droplets from falling on the
ground and being lost.

4.3. Leaves Are the Main Plant Organ Responding to Solar Radiation

The spectrum of sunlight has a wide range, including UV (100-400 nm, 5%), vis-
ible (400-700 nm, 46%), and infrared rays (>700 nm, 49%), among which NIR lights
(700-1100 nm) are the major source of heat on the Earth’s surface [56,57]. Plants mainly
absorb blue (400-520 nm) and red lights (610-720 nm) during photosynthesis and are most
sensitive to NIR radiation [58]. The heat generated after the absorption of NIR radiation
can drive the leaves to transpire [59,60]. In high-temperature regions with strong sunlight
radiation, the cooling mechanism of plants is usually at the expense of losing transpiration-
related water on the leaf surface. In other plants, the pubescent trichomes on the leaf surface
can increase reflectivity, preventing damage to plants from radiative overheating [10,61].
Therefore, plant cooling in high-temperature regions is more challenging than heating.

The surfaces of plant leaves are rarely completely flat, and their epidermal cells show
a convex curvature (Figure 2c), resulting in slightly rounded, rounded, papillary, or even
sharply conical shapes. It has been reported that the light-collection performance of plants
depends on the morphology of the microstructure array on the surface of plant tissues [62].
Specifically, the leaves or petals of plants can combine the micro-/nanostructures of epider-
mal cells to reduce the reflection loss and redirect incident photons, eventually inducing
the light-focusing effect. For example, the most common conical cell structure can reduce
the specular reflection on the petal surface, which is attributed to the multiple reflections
between the micropapillae on the apex of conical cells. The authors of designed a “silicon
pyramid” array with a height of 20 um and a vertex spacing of 4 um on the surface of
a solar panel [63]. Compared with the solar panel without the array, the temperature
of the solar panel with the silicon pyramid array can be reduced by 17.6 K, and it also
shows superhydrophobicity and self-cleaning properties. The leaf epidermis acts as the
first layer of the optical boundary and plays a key role in controlling the entry of light into
the leaf. Some studies have pointed out that leaf surface trichomes can reduce the damage
to the proteins of mesophyll cells caused by incident UV radiation [64]. Other studies have
pointed out that the density of trichomes on the E. angustifolia leaf surface has an impact on
the reflectance index of the visible lights and infrared lights. Upon dehairing (trichomes),
considerable decreases in the visible reflectance (400-700 nm) were accompanied by slight
decreases in the infrared reflectance (700-1000 nm) [26]. In this study, the E. angustifolia
leaves showed a strong reflection in the UV and NIR regions (Figure 9c). Studies have
shown that the height (h), diameter (w), and radius (r) of the micropapillae on the apex
of the conical cells on the petal surface can all affect the absorption of visible and UV [65].
The greater the micropapillary height (20.00 £ 4.00 to 79.90 & 8.70 um), the stronger the
UV-light absorption; the larger the micropapillary apex angle (20° to 118°), the stronger
the UV-light reflection [66]. There are micropapillae on the apex of the umbrella-shaped
ratchet trichomes (Figure 1d,e), with a height of 30.00 £ 9.10 um, a basal diameter of
58.20 £ 9.30 um, an aspect ratio of 0.3-0.7, and an apex angle of 115.30 & 9.30° (Figure 2d).
Therefore, the micropapillae on the apex of the umbrella-shaped trichomes can reflect UV,
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avoiding damage to proteins of mesophyll cells from UV and assisting the visits of polli-
nators [67]. In contrast to reflectance at shorter wavelengths, the MIR reflectance spectra
cuticular development is the main driving factor [68]. The multiple spines on the periphery
of the ratchet trichome may also diffract lights, while the trichome can transmit red and
blue lights and reflect NIR (Figure 11). It is possible that the air gap of the hollow structure
of the trichomes can improve the directional reflectivity of NIR lights since the hollow
structure provides a second planar interface, from which light can be specularly reflected.
Moreover, the wedge-shaped structure patterning on the surface of the umbrella-shaped
trichomes produces a combined optical response that is highly directional, which is also
the key to light reflection and needs to be further validated in the future. In summary, the
umbrella-shaped ratchet trichomes on the E. angustifolia leaf surface have the ability to filter
sunlight.

5. Conclusions

In this study, we first reported that the trichomes on the leaf surface of E. angustifolia,
a sandy sub-tree species that lives in arid and semi-arid regions, have excellent struc-
tural characteristics absorbing occult precipitation with a special umbrella-shaped ratchet
structure, and the peripheral conical structure can effectively capture water droplets in
the air. The radial cones can capture water droplets, which are transported directionally
through the wedge-shaped groove structure of the umbrella surface to the central point of
the umbrella handle and aggregate into larger droplets. These larger droplets eventually
reach the base of the umbrella handle and enter the leaf interior through the stomata. In
addition, trichomes also harbor a special structure that can reflect sunlight. At noon on a
cloudless day, the leaf curls or turns over; thus, the umbrella-shaped ratchet trichomes on
the abaxial surface of the leaf are exposed to the sunlight. The trichomes can selectively
transmit blue and red lights and reflect the UV and NIR lights, reducing leaf temperature.
This study is of significance for understanding how plants with medium-sized leaves
respond to environmental stresses in arid regions, providing a valuable reference for bionic
development and research in atmospheric water harvesting, seawater desalination, energy
management, microfluidic control, and daytime radiative cooling.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biology12071024/s1, Video S1. Water-collection video of a single
trichome on the Elaeagnus angustifolia leaf surface; Video S2. Water-collection video of a single
trichome on the Elaeagnus angustifolia leaf surface with local magnification; Video S3. Water-collection
video of multiple trichomes on the Elaeagnus angustifolia leaf surface.
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Simple Summary: Farmland ecosystems play a vital role in global carbon cycling and
climate change, yet understanding how these systems balance carbon absorption and
emissions remains challenging. This study reviewed 1411 research articles (2002-2023)
to identify key findings and challenges in this field. Research has grown steadily over
the past two decades, with China, the U.S., and Germany leading global efforts. Recent
advances show that soil microbes are central to locking carbon into soils. In contrast,
science-based practices like conservation tillage can significantly boost carbon storage.
Scientists have also focused on reducing greenhouse gases from farming and using satellite
technology to track carbon changes. However, regional differences in carbon processes
and inconsistent methods to estimate carbon sources versus sinks create uncertainties. For
example, some regions naturally store more carbon, but existing frameworks struggle to
explain these variations. Therefore, future research should deeply explore the complex
interactions within soil carbon sequestration mechanisms in farmland ecosystems and
optimize carbon accounting methods. By clarifying these mechanisms, our findings provide
crucial theoretical support for global strategies to achieve agricultural “carbon neutrality”,
ensuring farmland can mitigate climate change while sustainably producing food.

Abstract: Farmland ecosystems, as the most active carbon pool, are integral to global
climate change and carbon cycling. Therefore, systematically studying the roles of car-
bon sources and sinks in farmland ecosystems is essential to deepening our understand-
ing of the carbon cycle and meeting the goals of “peak carbon emissions” and “car-
bon neutrality” in agriculture. Using the Web of Science database, this study reviewed
1411 articles (2002-2023) via bibliometric analysis to identify key research themes, trends,
future priorities and address suggestions for future directions in farmland ecosystem car-
bon sources and sinks. The main results include the following: (1) Over the past 22 years,
global research in this field has shown a consistent growth trend, with remarkably rapid
expansion in the past three years. China, the United States, and Germany are the most
influential countries. As the research scope has expanded, the field has evolved into an
interdisciplinary domain. (2) The diversity of this research area has become enriched,
and the research content is becoming more refined and systematic. The main research
topics focus on carbon sequestration, soil organic carbon (SOC), farmland management,
greenhouse gas (GHG) emissions, carbon stocks, ecosystem services, land use changes,
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climate change, and spatiotemporal heterogeneity. (3) Current research hotspots primarily
focus on studying soil microbial carbon sequestration mechanisms, the application of
remote sensing technologies, and reducing GHG emissions to achieve “carbon neutrality”.
While existing studies have systematically elucidated carbon sequestration mechanisms
mediated by soil aggregates, microorganisms, and minerals, critical knowledge gaps persist.
Regional disparities in the relative contributions of these mechanisms remain unresolved,
compounded by methodological inconsistencies in carbon assessment that introduce sub-
stantial uncertainties. Although farmland management practices are identified as pivotal
drivers of carbon flux variation, the interactive effects of anthropogenic interventions and
natural factors on ecosystem-scale carbon balance require further mechanistic exploration.
This review provides a comprehensive reference for further study on carbon sources and
sinks of farmland ecosystems and devising effective emission reduction strategies.

Keywords: farmland ecosystem; carbon sources; carbon sink; carbon sequestration; soil
organic carbon (SOC); bibliometric analysis

1. Introduction

With the global economy shifting towards achieving net-zero greenhouse gas (GHG)
emissions, reducing GHG emissions has emerged as one of the most critical challenges
confronting the agricultural sector [1,2]. Farmland ecosystems account for approximately
12% of the global land area and play a dual role as atmospheric carbon sources and sinks [3].
On one hand, farmland-related agricultural activities contribute approximately 23% to 30%
of global GHG emissions [4]. Moreover, global farmland carbon stocks range from 128 to
165 Pg C, representing 8% to 10% of the global carbon stock [5,6]. Regardless of their role
as a source or sink of GHG, farmland ecosystems significantly impact atmospheric CO,
concentrations [7,8]. Controlling GHG emissions from farmland and enhancing carbon
sequestration in these ecosystems are effective strategies for mitigating climate change and
achieving the goals of “peak carbon” and “carbon neutrality”.

Scholars have contributed significantly to advancing our understanding of carbon
sources and sinks in farmland ecosystems. In examining the carbon sequestration effects
and potential of farmland management practices, researchers have explored the impacts
of various tillage practices, fertilization methods, and water management patterns on
carbon sequestration and emission reduction in farmland soils. West et al. employed a
full-carbon-cycle analysis methodology to compare conventional versus no-tillage practices,
showing that no-tillage practices offer more significant advantages in enhancing carbon
sequestration and reducing emissions [9]. Similarly, Jiang et al. evaluated the impacts of
varying nitrogen fertilizer application rates on carbon sequestration and emission reduc-
tion in single-season rice production through field experiments conducted in Zhejiang,
China. They found that applying 225 kg-ha~! of nitrogen fertilizer in this region could
simultaneously enhance grain yield, reduce GHG emissions, and increase system carbon
sequestration [10]. Moreover, various methods have been developed to estimate carbon
sources and sinks, including the emission factor method, life cycle method, and modeling
techniques. Advancements in geographical information system (GIS) and remote sensing
technology have facilitated the study of spatiotemporal variation of carbon sources and
sinks within farmland ecosystems. For instance, Hei et al. used multi-source remote
sensing data to reveal the spatiotemporal variation trends of net primary productivity
(NPP) in farmland ecosystems [11]. In addition, some scholars have conducted reviews
on carbon source and sink research in farmland ecosystems, but these are often limited
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to specific research directions or the progress within a specific country. For example,
Li et al. conducted a comprehensive review of the uncertainties and discrepancies as-
sociated with estimating agricultural GHG emissions in China [12]. Similarly, Liu et al.
reviewed GHG measurement methods, carbon source and sink assessment models for
farmland ecosystems, as well as the key factors influencing the dynamics of carbon sources
and sinks [13]. Nevertheless, their analysis of assessment methods was relatively limited,
focusing solely on the emission factor method without providing comparative analyses
of other approaches. Furthermore, Li et al. systematically reviewed accounting methods
for carbon sources and sinks in farmland ecosystems [14]. Research on carbon sources and
sinks in farmland ecosystems represents a global challenge that intersects with multiple
disciplines. Focusing solely on specific aspects or studies from a single country makes
it difficult to achieve a comprehensive understanding of existing research characteristics
and emerging trends. Therefore, a thorough, detailed, and objective summary of existing
research in this field is crucial for its future development.

Bibliometric analysis is a well-established method for quantitatively evaluating re-
search progress and identifying developmental trends within specific fields of study [15,16].
This study applies bibliometric analysis to systematically review the literature on carbon
sources and sinks in the farmland ecosystem, aiming to identify the existing knowledge do-
main, recognize emerging trends, and guide future research. This paper mainly addresses
four primary objectives: (1) It aims to provide an overview of studies on carbon sources
and sinks in farmland ecosystems published from 2002 to 2023. (2) It summarizes the
main research topics and principal theories in this field. (3) It analyzes the current research
hotspots and future development trends in this field. (4) It identifies existing research gaps
and proposes recommendations for future studies.

2. Materials and Methods

In this study, we employed CiteSpace.6.2.R7 and VOSviewer.1.6.20 for bibliometric
analysis. CiteSpace is a Java-based tool that supports in-depth data mining, knowledge
mapping networks, and visualization of research evolution, including the exploration
of emerging research hotspots and frontiers [15]. VOSviewer is a bibliometric tool for
knowledge units from the literature with unique advantages in clustering techniques
and network mapping visualization, useful for identifying central themes in scientific
research in the following areas [17]. The data for this study were sourced from the Web
of Science (WOS) database, restricted to the Web of Science Core Collection (WOSCC).
Our search parameters in Web of Science were “Topic: (“carbon emission” OR “carbon
absorption” OR “carbon sink” OR “carbon source” OR “carbon sequestration”) AND
(“cropland” OR “farmland” OR “cropland ecosystem”)”, refined by the following:
Document type: (Article or Review); Timespan: 2002-2023; Web of Science Index: Social
Sciences Citation Index (SSCI) and Science Citation Index Expanded (SCI-EXPANDED).
The search resulted in 1513 articles (Figure 1). All these articles were downloaded
on 19 February 2024. To address the issue of irrelevant records from the database, a
manual selection process was conducted in two rounds by one Master’s student and
two PhD students (Figure 1). In the first round, the Master’s student eliminated articles
irrelevant to our topic by reading the titles, abstracts, and keywords of 1513 articles. In
the second round, the two PhD students read the full texts of the remaining articles and
determined whether they were relevant to our topic before making further exclusions,
resulting in 1411 valid documents as data for analysis (article: 1346; review: 65). The
data were then imported into CiteSpace and VOSviewer software for the analysis and
visualization of various indicators, while OriginPro 2024b and Microsoft Excel 2016
were used to assist with the graphing (Figure 1).
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Figure 1. Research framework of this study.

3. Results and Discussion
3.1. Characteristics of the Publications

Figure 2 shows the annual publication volume and publication trends in research
on carbon sources and sinks in farmland ecosystems from 2002 to 2023. Only 99 studies
(99; 7%) were published before 2008. Afterward, the number of publications increased,
potentially related to the start of the Bali Road Map negotiations in 2007. The negotia-
tions of the “Bali Road Map” incorporated all developing countries into the emission
reduction framework and proposed a mechanism of “measurable, reportable, and veri-
fiable” (MRV) actions to drive carbon emission reductions. This directly heightened
global attention to the dynamics of carbon sources and sinks, promoting research in this
field. Thereby, the adoption of the Paris Agreement in 2015, which clarified countries’
emission reduction commitments, provided a strong push for research in this field.
By 2019, more than half of the publications (730; 51.74%) had been published. The
period from 2021 to 2023 is the most productive (carbon neutrality has been proposed
globally), with over 40% of the studies (568; 40.2%) published in this period (Figure 2).
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Figure 2. Distribution of publications on carbon sources and sinks of farmland ecosystems published
from 2002 to 2023.

3.2. Publication Output Analysis

From 2002 to 2023, 309 journals published research articles on carbon sources and
sinks in farmland ecosystems (data from the WOS platform). Science of the Total Environment
(93 publications; 2800 citations), Agriculture Ecosystems & Environment (74 publications;
4903 citations) and Global Change Biology (93 publications; 8270 citations) were the journals
with the highest numbers of publications and citation rates (Table 1). Global Change Biology
had 1.69 times more citations than Agriculture Ecosystems & Environment and 2.9 times
more citations than Science of the Total Environment. This highlights these journals’ strong
international academic influence in the field of carbon sources and sinks in farmland
ecosystems, particularly that of Global Change Biology, which stands out as an important
platform for academic exchange. Additionally, the studies in these journals primarily focus
on the environmental sciences, ecosystems, and climate change, reflecting the increased
attention to carbon sources and sinks in farmland ecosystems in terms of their ecological
and environmental impacts in the context of global climate change.

Table 1. Top 10 journals with published articles in the field of carbon sources and sinks in
farmland ecosystems.

Ranking Journal Pljll;i?c]::;o(:s Pll:lr)(l)lpc 2:2:;:; (()02) Total Citations
1 Science of the Total Environment 93 6.59 2800
2 Agriculture Ecosystems & Environment 74 5.24 4903
3 Global Change Biology 56 3.97 8270
4 Catena 43 3.05 1203
5 Journal of Cleaner Production 40 2.83 939
6 Ecological Indicators 39 2.76 1375
7 Land 35 2.48 168
8 Sustainability 34 241 360
9 Geoderma 31 2.20 1434
10 Land Degradation & Development 30 213 1197
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3.3. Analysis by Author, Institution, Country (Region), and Subject Area

In this study, we employed VOSviewer software for author cluster analysis to identify

the most representative scholars in the field of carbon sources and sinks in farmland ecosys-

tems (Table 2) and their collaborations (Figure 3). We set a minimum of five publications

per author, with 73 out of 6549 authors meeting the criteria. For each of the 73 authors,

the total link strength of co-authorship with others was calculated, and those with the

highest link strength were selected. The authors were clustered into eight categories, each

marked with a different color in Figure 2. Although Professor Pete Smith (20 publications)

and Professor Fu Bojie (11 publications) are the top contributors in terms of the number of

publications, they have fewer collaborations (Figure 3). On the other hand, Tian Hangqin,

Ingrid Kogel-Knabner, and Martin Wiesmeier both have a notable number of publications

and have collaborated extensively with other researchers.

Table 2. Top 10 authors in the field of carbon sources and sinks of farmland ecosystems.

Number of

Total Citations

Average Year of

Author Publications .m the Publication
Literature
Smith, Pete 20 2824 2016
Tian, hanqgin 12 870 2014
Fu, bojie 11 1473 2013
Koegel-knabner, Ingrid 11 821 2016
Wiesmeier, Martin 11 828 2017
Ciais, Philippe 10 582 2020
Deng, Lei 10 1054 2016
Don, Axel 10 916 2018
Kuemmerle, Tobias 10 1054 2015
Prishchepov, alexander V. 10 643 2017
zhan;usuo
-
smiw?te
Halfulu
uﬁgkelin
ciais, philippe
lifwei
houghtongrichard a.
jackson,Fobert b. “kuemmerle, tobias
- amelung, wulf
tianfhangin = hui, dafeng d::laxet
fu, bojie = | Whangefgedzard
lal, rattan =7 el liu, mibgliang wiesmeigl, martin
qin, zhangcai pan, @hufen @ ™ huebfigr, rico
huai@vao @ koeg:l-kr“ner, ingrid

ydyyongqgiang

ff‘%} VOSviewer

Figure 3. Authors’ co-authorship network analysis. Each cluster represents the network of Authors

working together.
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Publishing organizations are the driving force behind academic research and can pro-
vide insight into institutions” importance in a particular field. A total of 1673 organizations
worldwide have published studies on carbon sources and sinks in farmland ecosystems,
reflecting the global interest in research on the carbon cycle in farmland ecosystems. Over
the last two decades, 27 organizations have published more than 15 publications each
(Figure 4), with the Chinese Academy of Science (402 publications; 28.49%) having the
highest output, followed by the Northwest A&F University (83 publications; 6%), Beijing
Normal University (44 publications; 3%), China Agricultural University (43 publications;
3%), and the Chinese Academy of Agricultural Sciences (43 publications; 3%). It is note-
worthy that 15 of the 27 institutions are from China, reflecting the nation’s commitment to
reducing carbon and emissions in farmland ecosystems and indicating the vital role played
by Chinese research institutions in this field.

Institution
United States Geological Survey Publications
University of Maryland [~ 7/ Chinese institution

University of Bonn
Lanzhou University
China University of Geosciences =/
Zhejiang University =/ /.
Tsinghua University /.
Agriculture and Agri-Food Canada
Humboldt University
University of Illinois |~
Technical University of Munich |-
Beijing Forestry University = /.
Nanjing University of Information Science and Technology
University of Copenhagen
Southwest University #///.
Colorado State University
Ohio State University —
Nanjing University </ ///
Agricultural Research Service, USDA -
Peking University </ // /.
Nanjing Agricultural University #////.
University of Aberdeen —
Chinese Academy of Agricultural Sciences (#////// ./
China Agricultural University (#///////»
Beijing Normal University #////////
Northwest A&F University - China £/ ./ /S / /S /2 S/ /S 7S/
University of Chinese Academy of Sciences ./ //////// /S /S /S /.
Chinese Academy of Sciences [Z/ /S /S /TS IY SIS S LLLLTLTTTTT LTS LALL ST LTI T LIS L L LSS T LA LTI LSS LSS )

0 50 100 150 200 250 300

Publications

Figure 4. Research institutions or organizations with 15 or more publications.

Collaboration in scientific research enhances the capacity for disciplinary integration,
increases the impact of research, and promotes deeper theoretical mechanisms [12]. Pub-
lications co-authored by Chinese scholars in collaboration with researchers from other
countries represent 39.08% of China’s total publication output, underscoring China’s exten-
sive engagement in international cooperative efforts in this field (Figure 5). In addition, the
United States, Germany, Canada, and Australia are also countries that cooperate closely
with other countries in scientific research (Figure 5). Most of the countries with a high
number of publications featuring international collaborations are major agricultural coun-
tries with advanced scientific and technological capabilities, and all of them are parties to
the Paris Agreement, which indicates that they are committed to reducing carbon emis-
sions [18]. This suggests that the international environment, politics, and the strength of
scientific research have shaped the evolution of this research arena.
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Figure 5. Top 20 countries by volume of collaborative research. The lines of different colours represent
cooperation between different countries.

Interdisciplinarity has emerged as a significant approach in modern scientific re-
search [19]. Engaging in interdisciplinary exchanges and collaborations not only advances
systematic theoretical research but also propels the rapid development of the field [20].
In the subject matter of farmland ecosystems, the study of carbon sources and sinks is
primarily dominated by the disciplines of environmental science, ecology, and soil science,
with environmental science being markedly predominant (Figure 6). This dominance re-
flects the role of farmland ecosystems in responding to global climate change. Ecology and
soil science have always been essential disciplines, underscoring the ongoing attention to
ecosystem services, biodiversity conservation, and soil carbon sequestration. Over time, the
field of water resources has highlighted the study of the interplay between climate change
and agricultural soil hydrological processes, attracting growing attention. Moreover, the
integration of biotechnology, microbiology, botany, and remote sensing has provided new
research perspectives and technical approaches for understanding the carbon sequestration
mechanisms within farmland ecosystems.

3.4. Research Theme Analysis

Keywords are a brief summary of the core content of studies, capable of reflecting
the main research content in the field of study [21]. This study employed the co-word
analysis functionality of VOSviewer to identify the primary research directions within the
field. With a minimum of 10 set as thresholds, 228 out of 5752 keywords were selected
(Figure 7). In this analysis, the circle size represents keyword frequency, and the line
thickness indicates the strength of keyword associations. Keyword clustering separates
the current research topic areas of carbon sources and sinks in farmland ecosystems into

four categories, and four overarching themes, marked in different colors, become apparent
(Figure 7).
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Figure 6. Disciplines with over ten publications on carbon sources and sinks of global farmland ecosystems:
(a) 2002-2009; (b) 2010-2016; (c) 2017-2023. Different colours represent different disciplines.

3.4.1. Study on Soil Organic Carbon Sequestration Mechanisms

Theme 1 focuses on carbon sequestration, SOC, carbon storage, soil organic matter
(SOM), and their dynamics (Figure 7). Based on the total link strength of node connec-
tions, this research cluster is primarily focused on SOC dynamics, the mechanisms of SOC
sequestration, and the stocks of SOC. Increasing the SOC content in agricultural fields
has a dual effect: it enhances soil productivity and mitigates the rise in atmospheric CO,
concentration [5]. The dynamic processes of SOC input, decomposition, migration, trans-
formation, and accumulation in soils are influenced by various factors, including natural
conditions, human activities, and time. For example, earthworm bioturbation affects soil
carbon storage, particularly near earthworm burrows, although their activity does not sig-
nificantly increase subsoil carbon [22]. However, it facilitates the transport of fresh organic
matter to deeper soil layers [22]. When natural ecosystems are converted into farmland, the
rate of SOC loss varies depending on the type of cropping system established, with peren-
nial woody plants resulting in lower organic carbon loss compared to annual crops [23].
The commonly used methods for studying SOC dynamics include isotope labeling and
modeling approaches [24,25]. Isotope labeling provides direct measurement and tracking
of organic carbon dynamics, but it is costly [26]. Modeling integrates a large number of
climate and soil data to simulate crop growth and the turnover of SOC, enabling large-scale
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predictions and analyses. Nevertheless, the accuracy of this approach is influenced by
the parameters and quantity of input data [27]. Over the years, scholars have extensively
advanced in understanding the mechanisms of SOC sequestration. Six et al. systematically
summarized the main factors influencing the dynamics of soil aggregates and organic
matter [28]. They proposed a conceptual model of the “life cycle” of a macroaggregate,
highlighting the formation of new microaggregates and the interplay between organic
carbon accumulation and mineralization. This process involves the cyclical process of
aggregate formation, turnover, and disruption. In the formation phase, fresh residues
enter the soil, and intra-aggregate particulate organic matter (iPOM) is incorporated into
macroaggregates. During turnover, iPOM decomposed into finer particles, which are then
bound by clay and microbial products, forming more stable microaggregates. Disruption
occurs when the degradation of microbial products and other binding substances leads to a
reduction in the stability of macroaggregates, causing their breakdown, releasing microag-
gregates, and initiating a new cycle of macroaggregate formation [29]. This cycle shows
that the turnover of aggregates is closely related to the dynamic changes in particulate
organic matter [28,29]. Christensen challenged the traditional size-based classification of
aggregates, proposing a theory of structural division with three levels: Level 1 structure—
soil organic—mineral complexes; Level 2 structure—secondary complexes formed by the
reaggregation of primary organomineral complexes; and Level 3 structure—intact soil in
situ [30]. This theory provides a multi-scale perspective for a deeper understanding of
organic matter turnover and storage in soil. Previous studies have suggested that plant-
derived carbon is the primary initial source for the formation of SOM, which undergoes
microbial decomposition reactions and is subsequently transformed into stable SOC [31].
Advances in high-throughput sequencing and omics technologies have revealed a crucial
role of soil microorganisms in the formation and stabilization of SOC. Liang et al. proposed
the “microbial carbon pump” (MCP) theory, suggesting that microbial-derived carbon is
an essential source of SOC pools alongside plant-derived residues. The theory primarily
consists of three aspects: First, soil microorganisms decompose or transform macromolecu-
lar plant organic residues through the ex vivo modification pathway and transport them
into the soil. Second, soil microorganisms convert small molecular substrates into their
biomass through in vivo turnover, with the process of microbial growth, reproduction, and
death cycling and assimilation, thereby delivering microbial-derived organic carbon into
the soil. Third, microbial communities continuously produce microbial-derived carbon
through the iterative process of growth and death, which is driven by the “entombing
effect” [32]. The proposal of this theory clarifies the regulatory mechanisms by which soil
microorganisms influence soil carbon sequestration, thereby providing a new perspective
for research on carbon cycling in farmland ecosystems [32]. Xiao et al. proposed the theory
of the “soil mineral carbon pump” (MnCP), which suggests that soil minerals can interact
with SOM through various abiotic processes such as adsorption, occlusion, aggregation,
redox reactions, and polymerization. Adsorption refers to SOM adhering to mineral sur-
faces, while occlusion utilizes SOM being trapped within mineral crystals. In addition,
aggregation occurs when minerals and organic matter bind to form aggregates. Redox reac-
tions involve SOM reacting with minerals via direct or indirect electron transfer, resulting
forming radicalized organic compounds that promote polymerization. Finally, polymeriza-
tion is catalyzed by metal oxides or clay minerals, converting the reducing sugars or free
amino acids into complex aromatic hydrocarbon macromolecules [33]. These interactions
form organo-mineral complexes that lower the bioavailability and degradation rate of
SOM, thus converting labile SOC derived from plants or microorganisms into more stable
forms. This theory enhances our understanding of the abiotic mechanisms of soil carbon
sequestration [33]. The MCP and the MnCP exhibit a “sequential” temporal relationship,
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where the microbial process of plant-derived carbon transformation and organic carbon
production is considered the “upstream” processes of SOC formation. Soil minerals play a
stabilizing role in the SOC formed through MCP, representing the “downstream” process.
However, soil minerals can also stabilize SOC that has not undergone MCP transformation.
Therefore, both the MCP and MnCP are interconnected, and each has unique characteristics.
Regardless of how the “dual pumps” interact, each contribution to SOC sequestration will
be influenced by both natural factors and human activities [34,35]. Future research on
carbon cycling in farmland ecosystems should prioritize examining the synergistic and
interactive effects of the “dual pumps” in the transformation and sequestration of SOC.
Furthermore, assessing SOC stock change across global, national, and regional scales is
vital for evaluating the potential of farmland ecosystems in mitigating climate change [34].
Scholars have estimated SOC stocks at various scales, including profile, plot, regional,
and global scales, through long-term field experiments, literature reviews, and modeling
approaches (both empirical and mechanistic). These efforts have helped quantify the global
and regional SOC stocks and their carbon sequestration capacity [6].
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Figure 7. Co-occurrence map of keyword clusters. Four major themes in the literature are based on
research topics defined by all the keywords. The circle size represents the occurrence of keywords,
and high occurrences usually have high link strengths.

3.4.2. Research on Greenhouse Gas Monitoring and Estimation

Theme 2 focuses on farmland management, GHG emissions, ecosystems, and climate
change mitigation (Figure 7). The total link strength of node connections indicates that the
majority of studies revolve around the GHG emissions and carbon sequestration effects of
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different agricultural management practices. The Kyoto Protocol recognized agricultural
land management as one of the key measures for reducing GHG emissions during the first
commitment period, advocating the adoption of sustainable farming practices to enhance
soil carbon sequestration [35,36]. This has garnered widespread attention, with scholars
conducting extensive research to verify that agricultural management practices enhance soil
carbon sequestration capacity and effectively reduce GHG emissions. Among these prac-
tices are fertilization methods (organic fertilizer applications, precision fertilization) [37],
tillage practices (no-tillage, conservation tillage) [38], optimizing crop rotation schemes [39],
returning crop residues to the soil, and so on [40,41]. By 2011, conservation tillage practices
had been implemented on 1.25 billion hectares of farmland worldwide, excluding Antarc-
tica, with widespread adoption across all continents [42—45]. Countries such as Brazil,
Argentina, and Paraguay in South America have actively promoted conservation tillage
through policy initiatives [46]. By the end of the 20th century, the adoption of conservation
tillage practices and the Conservation Reserve Program (CRP) in the United States trans-
formed agricultural land from a carbon source into a carbon sink [47,48]. In a long-term
field experiment, Tian et al. found that conservation tillage does not increase GHG emis-
sions in the context of global warming. Instead, it enhances microbial growth efficiency,
promotes the accumulation of fungal necromass carbon, and facilitates the formation and
sequestration of SOC [49]. This confirms that conservation tillage is a widely recognized
and effective measure for carbon sequestration and GHG reduction globally. However,
compared to tillage practices, the promotion costs and technical challenges associated with
agricultural management measures such as fertilization management and cropping systems
are relatively high. Consequently, there is still no consensus on the effectiveness of these
measures in reducing GHG emissions and enhancing carbon sequestration, necessitating
further research and exploration. Scholars have developed measurement methods that
can be broadly categorized into two types to evaluate GHG emissions under different
agricultural management practices: direct and indirect methods. Direct methods primarily
include the chamber method and gas chromatography (GC) [50], while indirect methods
mainly consist of the micrometeorological method and the mass balance method [51]. The
chamber method is widely used for measuring soil CO,, CHy, and N,O emissions [14].
For example, Chi et al. used this method to examine the effects of no-till and conventional
tillage cropping systems on carbon and water fluxes in the inland Pacific Northwest of the
United States [52]. The findings revealed that no-till farming could reduce CO, emissions
and contribute to the sustainable development of the farmland ecosystem. Compared to the
chamber method, the micrometeorological method is an open-ended and effective method
for studying the material transport and energy exchange between vegetation and the atmo-
sphere [53]. Additionally, this method plays a crucial role in analyzing ecological processes
and determining parameters for remote sensing models [54]. The most commonly used
micrometeorological technique is the vorticity correlation method, which calculates gas
exchange flux within the system by measuring turbulence parameters [14]. For example,
Xiao et al. utilized eddy covariance flux and meteorological data to study annual carbon
fluxes in the Heihe River Basin of China [55]. The results demonstrated that annual carbon
fluxes in forest and farmland plots were higher than those in grassland plots, while fluxes
in coastal wetland plots were comparable to or slightly exceeded those in forest plots.
Furthermore, assessing GHG emissions across farmland management practices and regions
using different carbon emission accounting methods has become a crucial approach for
quantifying GHG emissions. The primary GHG accounting methods currently include
direct measurement, emission factor, mass balance, life cycle, and modeling approaches
(e.g., farmland ecosystem carbon cycle model). Each method has distinct advantages and
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limitations (Table 3), and the selection of an appropriate method should align with the

research objectives.

Table 3. Different GHG emission accounting methods [12-14,51,52,55].

Method Advantages Shortcomings Scale Applications
(D Data acquisition
challenges; . .
(D Easy to operate; (2) results 8es; . . Microscopic or
Measurement method . : @ expensive human Microscopic .
are precise and reliable. . . simple ecosystem.
and material resources;
® vulnerability.
(D Easily operated and . .
understood; (2) established ir(ifilsos?gzns%il;zes
accounting formulas, activity Lack of capacity for Macroscopic; tvpically com le;< or
Emission factor method data, and emission factor emission mesoscopic; s}llr}; li ﬁ}; d nat}; ral
databases are available; (3) system changes. microscopic P
straightforward emission sources or
. bon sinks.
data collection. Carbon suks
O Cumbersome
intermediate . . .
rocedures for Emission equipment is
e procec . frequently updated and
Clearly distinguishes between  emissions to be taken Macroscopic; . .
Mass balance method o . - highly precise; natural
emission sources. into account; @ prone  mesoscopic emission Sources
to systematic errors; 3) are complex
obtaining data prex:
is difficult.
Assesses the total GHG Features a relativel
emissions arising from all . y
. o . Mesoscopic; complete and
Life cycle method activities and inputs across the =~ Cumbersome process. . . .
. . microscopic systematic
full life cycle of a production or roduction process
consumption process. p p ’
(O Complex model
structure with difficult
s ter adjust ts;
@ Quantitatively parameter adjustments
T . oL @ limited or simplified
distinguishes the contribution . . . .
. consideration of Large regions, various
of different factors to changes . . .
. S ecosystem Macroscopic; administrative
. in carbon sources and sinks; @ , . - o .
Modeling method . . management’s impact ~ mesoscopic; divisions, field scales,
predicts future changes in . . ) .
on carbon cycling microscopic and multi-scale

carbon sources and sinks; (3
reflects the material cycling
processes of ecosystems.

processes; (3) many
models neglect lateral
carbon transfer
processes, such as
watershed transport.

ecosystems.

3.4.3. Research on Ecosystem Services

Theme 3 concentrates on land use change, ecosystem services, conservation, and mod-

els (Figure 7). The total link strength of node connections indicates that most studies focus
on the loss of ecosystem services caused by land use changes and the internal relationships
within farmland ecosystem services. Land use and cover changes can significantly alter
the energy balance and material cycling processes of ecosystems, leading to changes in
ecosystem functions and affecting the supply of ecosystem services [56]. Urban expansion
has encroached upon a large amount of farmland, resulting in a series of ecological issues
such as reduced food production, carbon sequestration, and biodiversity loss [57]. The
scarcity of farmland ecosystem services has become increasingly prominent, and their
multifunctionality has garnered attention, leading to widespread interest in the study of
these services and their valuation [58]. Farmland ecosystems provide various services, but
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people often aim to maximize the utilization of a single ecosystem service [56]. However,
when multiple ecosystem services are utilized competitively, it typically leads to trade-offs
within the ecosystem services themselves [59]. For example, crop yield increases often
come at the cost of other ecosystem services [60]. However, sustainable human devel-
opment requires the synergistic advancement of multiple ecosystem services [61]. As a
result, achieving coordinated development across these services and developing scientific
trade-off decision-making methods have become central research directions. Moreover,
systematic evaluation methods have been developed to quantify and assess the dynamics
of farmland ecosystem services under different management practices. These methods
mainly include participatory approaches, sample plot observation, empirical models, mech-
anistic models, and value assessment methods. Each method focuses on the evaluation
of different farmland ecosystem service functions based on their distinct principles or
approaches [60]. In addition, scholars have proposed a range of assessment methods to
quantify the dynamics of these services and evaluate their change under different manage-
ment and agricultural practices. The sample plot observation method is commonly used to
evaluate farmland ecosystem services such as crop pollination and pest control [62]. The
Cycle model focuses on the water, carbon, and nitrogen balance of soil-crop systems under
climate and farmland management influences. It is primarily used to evaluate farmland
ecosystem service functions related to food production (provisioning services) and climate
change mitigation (regulating services) [63].

3.4.4. Spatiotemporal Evolution and Driving Factors of Carbon Sources and Sinks in
Farmland Ecosystems

Theme 4 focuses on research related to climate change, carbon sinks, primary produc-
tivity, CO,, and spatial variability (Figure 7). According to the total link strength of node
connections and clustering results, this theme centers on exploring the spatiotemporal het-
erogeneity of carbon stocks and carbon emissions in farmland ecosystems, alongside their
drivers in the context of climate change. The carbon pools in farmland ecosystems mainly
consist of the soil carbon pool (measured by SOC) and the crop carbon pool (assessed
by NPP and crop biomass) [64]. The primary GHG emission sources in these ecosystems
include soil respiration, methane (CH,) emissions from paddy fields, nitrous oxide (N,O)
emissions from agricultural soils, and GHG emissions resulting from agricultural inputs
and farm practices [65-68]. The carbon cycle in farmland ecosystems is a complex pro-
cess influenced by factors such as climate, topography, crop type, soil properties, and
anthropogenic activities [5,69]. Variations in these factors can modify carbon exchanges
among different carbon pools within the ecosystem, leading to “carbon source” or “car-
bon sink” effects [70]. Moreover, numerous studies have demonstrated that the factors
controlling carbon sources and sinks in farmland ecosystems exhibit varying influences
across spatiotemporal scales, highlighting the scale effect in these control factors [71-73].
At the microscale, soil properties and farming management practices are key drivers of
GHG emissions and SOC sequestration [74], as shown by numerous laboratory and field
experiments [2,73]. At the mesoscale, such as in basins and geographical regions, climate,
topography, and anthropogenic activities primarily influence GHG emissions and SOC
sequestration [73]. For example, Smith et al. demonstrated that changes in farmland
management were the primary drivers of declining SOC levels in farmland across Eng-
land and Wales during the late 20th century [75]. The impacts of climate change and
anthropogenic activities are more pronounced at the macroscale, such as global and con-
tinental [73,76]. The research conducted by Zhou et al. indicated that temperature is
leading factor driving the spatiotemporal variability in future topsoil SOC storage [77].
Furthermore, high-latitude regions, which are more warming rapidly experience the most
pronounced effects on topsoil SOC loss [77-79]. According to Wang et al., the efficiency of
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nitrogen fertilizer use is the primary contributor to global N,O emissions [80]. However,
climate change, particularly rising temperatures, accelerates soil microbial metabolic ac-
tivity, enhancing soil organic nitrogen decomposition and increasing N,O emissions [81].
Through a meta-analysis, Yu et al. found that non-continuous flooding significantly reduces
GHG emissions from paddy fields worldwide [81]. Research on carbon sequestration in
farmland crops remains underdeveloped due to ongoing controversy surrounding the
carbon pools in these systems [11,82]. There is a need for further investigation into the
spatiotemporal variation patterns and driving factors of crop carbon pools. Additionally,
there is currently no consensus on how different factors influence carbon sources and
sinks at various scales within farmland ecosystems. Many studies tend to focus on the
impact of specific categories or individual factors rather than the broader spatiotemporal
heterogeneity of these processes.

3.5. Research Hotspot Evolution and Trend Analysis
3.5.1. Research Hotspot Evolution Analysis

Burst words refer to terms that suddenly become hotspots or are more frequent during
a specific period, signifying the research hotspots at different stages within a particular
field [83,84]. Using the CiteSpaces burst analysis function, the top 25 burst keywords in the
study of carbon sources and sinks in farmland ecosystems were identified (Figure 8). Key
terms mainly include carbon sequestration, SOM, models, cropland, microbial biomass,
productivity, and cover, each with a burst strength exceeding 6.0, highlighting focal areas in
this research field. Carbon sequestration and SOM exhibited the most extended and intense
burst durations, indicating a significant focus on SOC sequestration in farmland soils,
which aligns with the findings of the thematic analysis. Similarly, models showed high
burst intensity during the same period, reflecting the prominence of modeling research
as a mainstream methodological approach in this field. Additionally, tillage practices,
including conservation and conventional tillage, demonstrated strong burst strength, high-
lighting increasing attention to farmland management practices and their potential for
carbon reduction and sequestration. Since 2018, microbial biomass, ecosystem services,
and carbon emissions have emerged as prominent frontier research areas. After the pro-
posed concept of “carbon neutrality” was introduced globally, China became a hotspot
for research, indicating the high importance the Chinese government and scholars place
on the carbon neutrality goal. Furthermore, by reviewing the literature, we found that
the number of publications from China surged after 2018. Between 2018 and 2023, Chi-
nese scholars contributed 25.02% of the papers in this field (353 articles). The frequent
occurrence of “China” as a research label for case study regions also substantiates China’s
strong commitment to carbon sequestration and emission reduction. In addition, remote
sensing technology emerged in this field in 2021 and quickly gained attention, enabling the
acquisition of multi-scale data on carbon fluxes. This advancement has promoted research
on the spatiotemporal variations of carbon sequestration in farmland ecosystems.

3.5.2. Research Fronts and Research Trends

Author keywords, specified by authors during article publication, directly convey
their understanding and definition of the research topic, effectively highlighting the key
focus areas and emerging trends within a specific research field. Therefore, this paper
explores the current research frontiers and trends through the temporal map of author
keyword co-occurrence using VOSviewer. Setting the minimum occurrence frequency
of keywords to 8 and the minimum link strength to 8, of all the 3633 author keywords,
95 met the threshold. The top 10 author keywords were carbon sequestration (N = 340),
SOC (N = 217), land use change (N = 205), climate change (N = 100), cropland (N = 80),
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GHG emissions (N = 61), climate change mitigation (N = 52), ecosystem services (N = 69),
and agriculture (N = 37) (Figure 9). The total link strengths of “carbon sequestration” and
“SOC” were 536 and 397, respectively, far surpassing other keywords and indicating they
are the core keywords, highly correlated with other keywords. The temporal evolution of
keywords showed that research on carbon sources and sinks in farmland ecosystems has
changed over time. Initially, studies primarily focused on the carbon sequestration potential
and effects of farmland soils, while later research shifted attention to soil organic carbon
loss resulting from land use changes. Recent studies mainly emphasize reducing carbon
emissions and carbon footprints to achieve agricultural carbon neutrality. Biochar has
gained significant attention as an essential carbon sequestration measure for its potential
in carbon sequestration due to its ability to store carbon and reduce emissions. Farmland
ecosystem services, closely linked to sustainable human development, are a critical area of
research. The Invest model is an essential tool for assessing the value of ecosystem services.

Keywords Year Strength Begin End 2002 — 2023

carbon sequestration 2002  12.3 2002 2010

soil organic matter 2002  7.85 2002 2011

conservation tillage 2002  4.38 2002 2007

mitigation 2004 494 2004 2009
models 2002 6.6 2005 2008
agriculture 2003 4.5 2009 2010
tillage 2004 535 2010 2013
conversion 2010  4.29 2010 2014

agricultural soils 2005 7.45 2011 2016

energy 2011 5.73 2011 2015

vertical distribution 2012 5.1 2012 2016

carbon sink 2009 4.77 2013 2017

ecosystem 2007 5.25 2016 2021

microbial biomass 2018  6.39 2018 2021 e —
soil erosion 2012  4.66 2018 2019

water 2010 435 2018 2019

quality 2006 4.46 2019 2020

ecosystem services 2012 5.94 2020 2021

farmland abandonment 2016  5.68 2020 2023 e —

productivity 2006 6.47 2021 2023

cover 2021  6.01 2021 2023 ——
use efficiency 2016 538 2021 2023 m—— ————

carbon emission 2009 492 2021 2023

remote sensing 2021  4.62 2021 2023 ———

China 2013 437 2021 2023

Figure 8. Evolution of the top 25 keywords during 2002-2023. Strength is a measure of the degree
of a burst event. The larger the value, the more significant the keyword is in the research field. The
red line represents the year with active burst words, and the cyan-blue line represents the year with
inactive burst words.
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Figure 9. Temporal evolution trend of author keywords in carbon sources and sinks research of
farmland ecosystem. The size of the circles represents the frequency of keyword occurrences, different
colors represent different years, and lines indicate the link strength between keywords.

4. Future Research Directions

Farmland ecosystems are crucial in climate change mitigation, enhancing carbon
sequestration, and reducing GHG emissions to achieve carbon neutrality. Based on the
current challenge in carbon sources and sinks of farmland ecosystem research, we propose
the following focuses for future research.

Further in-depth exploration of soil carbon sequestration mechanisms in farmland

ecosystems is needed. Various factors, including crops, microorganisms, soil fauna, agri-

cultural management practices, and parent material, all influence soil carbon sequestration
in the farmland ecosystem. While the role of soil minerals and microorganisms in carbon
sequestration is understood, research on the dominant roles and interactions of the MCP
and MnCP in SOC storage under different climate types and agricultural practices in the
context of global warming is still lacking. Furthermore, although it is well established that
microorganisms regulate the chemical composition of SOC through processes such as “ex
vivo modification” and “in vivo turnover” and control the dynamic storage of soil-stable
organic carbon via “priming effects” and “entombment effects”, soil fauna also influence
the formation and accumulation of microbially derived organic carbon. However, there is
currently a lack of understanding and assessment regarding the impact of soil fauna on the
entire process chain of microbially derived carbon sequestration.

The focus should be on studying the interactive effects of drivers on the spatiotem-
poral changes in carbon sources and sinks within farmland ecosystems. Due to vari-

ations in management practices and natural geographic environments, the regulatory
mechanisms and cycling patterns of carbon sources and sinks differ significantly across
regions. Most studies on the spatiotemporal variation in farmland SOC pools focus on
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specific factors influencing carbon sources and sinks. However, the carbon cycle in farm-
land ecosystems involves multiple factors, such as temperature, precipitation, topography,
soil respiration, and farming management practices. These factors interact in intricate
ways, collectively influencing carbon sequestration and emissions in farmland ecosystems.
There is a notable lack of research on the spatiotemporal variation in crop carbon pools
in farmland ecosystems. Some scholars argue that crops have minimal carbon sink effect
due to the short growing period of crops and the release of CO; back into the atmosphere
after harvest [85,86]. Consequently, crops are often assumed to contribute zero carbon
sequestration when estimating the carbon stock of farmland ecosystems [6,87]. However,
some scholars have proposed that crops play an important role in carbon sequestration
within the system before harvest. Furthermore, after crops are harvested, agricultural
activities continue, and the corresponding carbon is transferred from the atmosphere to
the soil and other components of the system [11,68]. It is worth noting that recent research
has shown that the pathways and forms of crop carbon sequestration have shifted in the
context of global change. Firstly, the construction of high-standard farmland has improved
the productivity of farmland in China [88]. Secondly, organic carbon from crop residues
and straw decomposition is accelerated into the soil, increasing SOC accumulation and
forming a relatively stable carbon sink [89]. Thirdly, the widespread use of agricultural
fertilizers has significantly increased crop growth rates, boosted food production, and
accelerated the sequestration of CO, from the atmosphere into the farm ecosystem [90]. In
conclusion, the farmland crop carbon pool can be considered a tangible carbon reservoir
with significant carbon absorption functions, like the vegetation carbon pools in other
ecosystems. Therefore, future research should focus on the combined effects of multiple fac-
tors, such as temperature rise, changes in precipitation, shifts in agricultural management
practices, and topography, at global and regional scales to comprehensively understand
the mechanisms behind the spatiotemporal changes and heterogeneity of carbon sources
and sinks in farmland ecosystems under climate change.

Improving carbon accounting methods for farmland ecosystems. Different methods
used for carbon accounting at the regional scale lead to significant uncertainties, making
it challenging to compare results across various approaches. It is recommended to assess
the weakness and strength of different methods. A “multi-data, multi-process, multi-scale,
multi-method” integration should be adopted to establish a “sky-space-ground” system
for measuring carbon sources and sinks in farmland ecosystems to improve estimation
approaches. This includes strengthening remote sensing observations (vegetation data),
developing a comprehensive network to monitor atmospheric CO; concentrations, and en-
hancing soil carbon pool monitoring and inventory, thus providing a solid data foundation
for farmland ecosystems.

Emphasize research on the internal relationships and value assessment of farm-
land ecosystem services. In the context of global warming and the escalating food security
crisis, adjusting farmland land use intensity, optimizing spatial land layout, and promot-
ing the coordinated development of provisioning, regulating, and supporting services in
the farmland ecosystem are vital for mitigating climate change, ensuring food security,
preserving biodiversity, and supporting regional sustainable development.

5. Conclusions

In the context of climate change, research on carbon sources and sinks in farmland
ecosystems has become one of the most pressing global environmental issues. This study
employs bibliometric methods using CiteSpace and VOSviewer, based on the Web of
Science database, to conduct a bibliometric analysis and systematic review of farmland
ecosystem carbon source and sink research. This study also offers a reproducible method-
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ological framework for constructing knowledge maps of complex ecological issues by
providing a data-driven foundation for defining research directions and development
pathways. The main research findings are presented below.

Over the past 22 years, research on farmland ecosystem carbon sources and sinks
has shown continuous growth, with a notable increase in the last three years. China, the
United States, and Germany have made significant contributions and frequently engaged in
international collaborations with representative scholars, including Ingrid Kogel-Knabner,
Martin Wiesmeier, and Hangqin Tian. This field has developed into a multidisciplinary
research domain, with Global Change Biology and Agriculture, Ecosystems & Environment
emerging as key academic exchange platforms.

The research primarily focuses on soil organic carbon (SOC) sequestration mechanisms
and GHG measurement methodologies, leading to establishing differentiated assessment
systems that confirm the significant carbon sequestration and emission reduction benefits
of conservation tillage. However, climate change, land use transformation, and variations
in farmland management practices result in pronounced spatiotemporal heterogeneity in
carbon source-sink effects. Among these factors, climate change is the primary determi-
nant of large-scale carbon balance, while farmland management practices play a crucial
regulatory role in multi-scale effects.

Nevertheless, current research still has limitations. The dominant roles and interac-
tive mechanisms of soil aggregates, mineral-associated carbon, and microbial metabolic
products under different regional conditions remain unclear. Disparities in models and
methodologies contribute to high uncertainty in assessments, and the interactive mecha-
nisms among driving factors are yet to be fully elucidated. Future research should deepen
investigations into soil organic carbon stabilization mechanisms, refine carbon source-sink
accounting methodologies, and enhance the analysis of interactions among driving factors.
These efforts will provide theoretical support for sustainable agricultural development and
achieving “dual carbon” goals.
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Abbreviations

The following abbreviations are used in this manuscript:

SOC Soil organic carbon

GHG Greenhouse gas

GIS Geographical Information System
NPP Net primary productivity

WOS Web of Science

WOSCC Web of Science Core Collection
SSCI Social Sciences Citation Index
SCI-EXPANDED  Science Citation Index Expanded
SOM Soil organic matter

iPOM Intra-aggregate particulate organic matter
MCP Microbial carbon pump

MnCP Soil mineral carbon pump

CRP Conservation Reserve Program
GC Gas chromatography
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