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Abstract

Environmental gradients associated with continentality shape terrestrial ecosystems by
modifying biodiversity patterns, community structure, and ecosystem functioning. In arid
ecosystems, where water and thermal constraints are pronounced, soil organisms repre-
sent sensitive indicators of environmental change. Soil nematodes, due to their functional
diversity encompassing bacterivores, fungivores, herbivores, omnivores, and predators,
constitute effective bioindicators of soil health. We hypothesized that increasing continen-
tality (thermal amplitude) would progressively reduce nematode diversity and functional
complexity while altering CUE and metabolic footprints through community composi-
tional shifts. A total of 130 soil samples were collected across three bioclimatic zones (is-
land, coastal, and semi-continental) within the Arganeraie Biosphere Reserve, Morocco,
and analyzed for nematode abundance, diversity, trophic structure, ecological indices,
and functional traits. Nematode abundance and richness were significantly higher in the
island zone compared to the coastal and semi-continental zones, while Shannon diversity
did not differ significantly. The island zone exhibited a balanced trophic structure with
higher proportions of bacteribores, fungivores, herbivores, and omnivores—predators,
than the coastal and semi-continental zones. CUE values were consistently low (<0.5)
across all zones, with the widest distribution in the island zone. Thermal amplitude was
negatively associated with nematode biomass (R = -0.36), production (R = -0.27), and all
trophic footprints, with herbivores showing the steepest decline (R =-0.51). Notably, total
energy flux remained relatively stable despite reductions in diversity and trophic com-
plexity, suggesting functional redundancy within dominant bacterivore guilds. These
findings support the hypothesis that increasing continentality is associated with reduced
nematode diversity and functional complexity, alongside altered carbon processing effi-
ciency. This study underscores the value of integrating trophic, metabolic, and energetic
approaches for assessing soil health vulnerability in Mediterranean agroecosystems un-
der climate change.

Keywords: soil nematodes; continental gradient; trophic structure; carbon use efficiency;
nematode metabolic footprint; thermal amplitude; arid Mediterranean; ecosystem function-
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1. Introduction

Soils are increasingly degraded under the combined pressure of anthropogenic dis-
turbances and climate change, resulting in the progressive loss of their essential functions
[1,2]. At the global scale, climate change is intensifying continental gradients, with Medi-
terranean and arid regions experiencing increased thermal amplitude, reduced precipita-
tion, and more frequent extreme events [1,2]. These changes threaten soil biodiversity and
the ecosystem services it supports, including nutrient cycling, carbon sequestration, and
plant productivity [3,4], making it critical to understand how soil organisms respond to
these interacting stressors in order to predict ecosystem resilience and design sustainable
management strategies for degraded lands.

Healthy soils are defined by their capacity to function as living systems driven by
biological processes, in which belowground biodiversity plays a central regulatory role
[5,6]. Microbial and faunal diversity underpins major soil functions, including nutrient
cycling, carbon storage, and plant productivity [3,4]. Among soil organisms, nematodes,
representing approximately 80% of multicellular animals, constitute a highly diverse
group of invertebrates that occupy all trophic levels of the soil food web [7,8]. Their trans-
parent body structure, broad environmental tolerance, and sensitivity to changes in re-
source availability make nematode community profiling a rapid, cost-effective, and eco-
logically informative approach for assessing soil health across diverse land uses [7,9].
Nematodes are classified by diet into bacterivores, fungivores, plant parasites, omnivores,
and predators, and by life strategy along a colonizer-to-persister gradient (cp 1 to cp 5),
with each group responding differently to variations in food resources [10,11].

Beyond serving as indicators, nematodes actively interact with soil microflora and
contribute directly to the carbon cycle: their respiration accounts for roughly 15% of emis-
sions from fossil fuel use and approximately 2.2% of total soil carbon emissions [6,12,13].
As key predators of bacterial and fungal communities, they shape microbial structure,
diversity, and activity; mediate carbon transfer across trophic levels; and strengthen en-
ergy flow from primary producers to higher trophic organisms [12,14]. As co-evolutionary
partners of plants, nematodes also enhance plant health, acting more as allies than as path-
ogens within the rhizosphere [15], and cascading effects driven by omnivorous nematodes
further support the multifunctionality of soil ecosystems [16].

Assessing this functional role relies on two complementary approaches: diversity
analysis, which examines the abundance, variety, and composition of nematode commu-
nities [10], and functional analysis, which explores traits influencing growth, reproduction,
and survival [17], together enabling the detection of subtle shifts in soil health [18].

Ecological indices built on these traits include the maturity index (MI), which cap-
tures disturbance effects through life-history traits [7,17]; the enrichment, basal, and chan-
nel indices (EL BI, CI), which integrate life-history and feeding traits to characterize food-
web structure [6]; and the nematode metabolic footprint (NMF), which combines life his-
tory, feeding behavior, and body size to quantify carbon released during respiration (res-
piratory C) and carbon allocated to growth and reproduction (production C), linking com-
munity composition to carbon cycling and ecosystem services [6,12,18,19]. Complement-
ing these trophic-structure metrics, metabolic rate (F) quantifies the actual energy flux
through each trophic level, linking community composition to functions such as nutrient
cycling and decomposition [20,21], while carbon use efficiency (CUE), defined as the ratio
of carbon production to total carbon uptake, links community-level metabolism to soil
organic carbon dynamics [22].

These nematode-mediated processes are themselves shaped by environmental stress-
ors, including temperature extremes, drought, salinity, and nutrient depletion, which are
major drivers of global change affecting plant growth, soil microbial communities, and
belowground food webs worldwide [23,24]. On the global scale, these stressors constrain
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plant productivity and alter vegetation composition, with cascading effects on soil carbon
inputs and microbial activity [25,26]. Belowground, they disrupt soil microbial communi-
ties and food-web stability, modifying nutrient cycling pathways and ecosystem function-
ing [27,28]. In arid and semi-arid ecosystems, these interactions are particularly acute:
high thermal amplitude increases evapotranspiration, reducing soil moisture availability
and increasing osmotic stress, while simultaneously altering soil pH and organic matter
decomposition rates [29]. These changes cascade through the soil food web, affecting nem-
atode community composition, trophic structure, and metabolic efficiency [30,31]. Conti-
nental gradients, which encompass variations in temperature, precipitation, and elevation,
integrate many of these stressors and strongly influence soil properties and environmental
conditions, posing major challenges for terrestrial biodiversity and ecosystem processes
[23,24]. While most studies have addressed these factors in isolation, environmental fluc-
tuations simultaneously affect microbial physiology, carbon dynamics, and community
activity [32,33], and nematode diversity, community structure, and distribution respond
jointly to temperature, precipitation, humidity, edaphic factors, and altitude [30]. How-
ever, the effects of climate variables and continental gradients, in particular on nematode
functional traits, remain poorly understood, especially in semi-arid Mediterranean eco-
systems.

To investigate how the continental gradient shapes soil nematode communities, we
collected soil samples from three zones along a gradient of increasing continentality
within the Arganeraie Biosphere Reserve in Morocco. The stratification was grounded in
Debrach’s climatic classification [34], which categorizes climate types based on the ther-
mal amplitude index. Two main questions guided our study: (i) How does this gradient
drive changes in nematode community diversity and trophic structure? And (ii) how do eco-
logical indices and functional traits, including community-weighted mean body mass, carbon
use efficiency, and nematode metabolic footprint, respond to increasing continentality?

2. Materials and Methods

2.1. Site Description and Soil Sampling

This study was conducted in the Arganeraie Biosphere Reserve (RBA), Morocco’s
first biosphere reserve designated by UNESCO in 1998, named after its emblematic en-
demic tree, the Argan (Sideroxylon spinosum L.). The reserve is located in the central-west-
ern Mediterranean region of Morocco (29-31° N, 8-10° W), between the Western High
Atlas and the Anti-Atlas mountain ranges, covering approximately 800,000 hectares (Fig-
ure 1). The RBA displays strong environmental heterogeneity, with a Mediterranean cli-
mate alternating between hot, dry summers and cold, rainy winters [35], thermal ampli-
tudes ranging from 10 to 40 °C, annual precipitation spanning less than 100 mm to 400
mm, and altitudes varying between 250 and 1400 m [36]. This climatic diversity supports
an exceptionally rich flora comprising over 1440 plant taxa [37], encompassing Mediter-
ranean, tropical, Saharan, and Macaronesian elements, of which 140 species and subspe-
cies are endemic [38-40], and the reserve plays a crucial role in preserving faunal diversity
and maintaining key ecosystem functions [38].
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Figure 1. (a) Location map of the Arganeraie Biosphere Reserve in west—central Morocco and distri-
bution of sampling points along the thermal amplitude gradient—(b) arganeraie biosphere ecosys-

tem, (c) argan tree (Sideroxylon spinosum L).

To investigate how the continental gradient shapes soil nematode communities, soil
samples were collected from three climatically distinct zones within the reserve, stratified
according to Debrach’s [34] thermal amplitude index (M - m), defined as the difference
between the mean maximum temperature of the hottest month and the mean minimum
temperature of the coldest month. This classification distinguishes three climate types:
island (M — m <15 °C), coastal (15 °C <M — m < 25 °C), and semi-continental (25 °C <M -
m < 35 °C), whose main climatic characteristics are summarized in Table 1.

Table 1. Location and climatic characteristics of sampling habitats.

Island Coastal Semi-Continental
Elevation 232 632 808
Mean annual precipitation (mm) 216 120 92
Mean annual temperature (°C) 14 17 19
Thermal amplitude <15°C 15-25°C 25-35°C
Humidity (g/100 g) 4.33 3.16 2.3
Soil texture Slit-Clay Silt Silt-sand

Soil samples were collected from the reserve forest between 2021 and 2022 using
stratified random sampling along the continental gradient. A total of 130 samples were
collected and distributed as follows: 30 samples from the island zones, 60 from the coastal
zone, and 40 from the semi-continental zone. At each site, 10 sub-samples were taken in a
zigzag pattern [41] at varying depths of 5-25 cm to 5-30 cm, according to the local bedrock
depth, and then combined to form a composite sample. The samples were labeled, ge-
otagged, transported to the laboratory, and stored at 4 °C before nematode extraction was
conducted within the following week.
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2.2. Soil Nematode Community Identification

Nematodes were isolated from 200 cc of fresh soil using the elutriation method
[42,43]. The suspension was filtered through a 150 um sieve and then incubated at room
temperature for 48 h before being transferred to a 50 um sieve. Classification and identi-
fication of soil nematodes at the genus level were carried out using dichotomous keys
from Bongers [43], Mai and Mullin [44], as well as the Nemaplex website [45].

Identification and counting were performed using an Olympus stereomicroscope
and an Olympus CX22 microscope (magnification x1000) . The identified nematodes were
classified into five trophic groups based on head morphology and feeding habits: bacter-
ivores, fungivores, plant parasites, omnivores, and predators [10]. Additionally, based on
their life strategies, nematodes were categorized as either colonizers (opportunists, r-strat-
egists) or persisters (competitors, K-strategists), with each category assigned c-p values
ranging from 1 to 5 [17].

2.3. Calculation of Nematode Ecological Function Index and Metabolic Footprint

Nematode diversity was assessed using several metrics, including nematode abun-
dance (individuals per 100 g dry soil), the Shannon-Wiener diversity index (H) [46], which
reflects species diversity within the nematode community; the Simpson dominance index
(1 - D) [47], associated with species dominance; and species richness, as determined by
the Margalef index (Mgl) [48]. These were calculated using the following formulas:

H = Zpi (Inpi) @)

1-D =) () @
i=1

Mgl = (G —1)/In(N) 3)

where pi was the relative abundance of taxon i of the sample, G was the total number of
genera in the community, and N was the total number of the i-th taxon.

The classification from life history strategies led to the creation of MI, which is useful
for assessing the evolution and recovery of soil ecosystems in response to external dis-
turbances [7,17]. The maturity index (MI) for free-living nematodes and the plant-parasitic
index (PPI), both calculated as

MI or PPI = Z vif; 4)

where v; and f; represent the c-p value and the frequency of the i-th taxon, respectively.

The functional structure of the community was referred to by the nematode channel
ratio (NCR), the Wasilewska index (WI), the basal index (BI), the enrichment index (EI),
and the structure index (SI) [6], calculated as

NCR = Ba/(Ba + Fu) ©)
WI = (Ba + Fu)/He (6)
Bl =b/(e+ s+ b) x 100 ()
EI =100 x (e/(e + b)) ()
SI =100 x (s/(s + b)) ©)

where b represents (Ba2 + Fu2) x w2; e represents (Bal x wl) + (Fu2 x w2); and s represents
(Ban x wn + Fun x wn + Prn x wn), where Ba, Fu, and Pr respectively indicate the abundance
of bacteria-feeding nematodes, fungivores, and omnivorous predators; w represents the
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weighting assigned to nematodes in each functional guild, and 7 indicates the colonizer-
persistent assignment of nematode taxa.

The following parameters were calculated to analyze the metabolic footprint of soil
nematodes: Community Weighted Mean (CWM in ug) [9,49], nematode biomass (W: in
ug), CUE in metabolic processes [50], nematode metabolic footprint (NMF) [18], and en-
ergy flux (Fiin pg C 100 g dry soil d) of soil nematodes [51].

W, = LD?/(1.6 X 10°) (10)

N
CWM = DiXi (11)
=1

i

CUE = (Z Production — Cl)/(z Production — C; + Z Respiration — Ci) (12)

NMF = Z [Nt (0.1 X (Wt/12mt) +0.273 x 0.058(Wt°'75))] (13)

Fi=F+1L/e, (14)

L and D represent the individual body length and body width (um), respectively [49].
pi represents the relative abundance of the i-th taxon or genus, and xi refers to the mean
fresh body mass (ug) of genus i [9,49].

Where Production-Ci was the sum of the C production of genus i within the respective
trophic groups, and Respiration-Ci represents the C respiration of genus 7 in those groups,
calculated as follows: Pi = ((N; x 20% x 52% x W; x 1000))+mi and Ri = Ni (W; x 1000) 0-75 x
0.273. Where Ni is the abundance of the i-th taxon in 1 g of dry soil, W: is the body mass of
the genera 7, and mi is the cp values of each nematode genus i was taken from the pub-
licly available database [45].

The conversion factor of 20% is used to convert the fresh body mass of nematodes to
dry mass [52], while 52% represents the proportion of carbon in dry mass [53]. The factor
1000 converts pg to ng, 0.273 is the relative molecular weight of carbon in CO: (12+44 =
0.273), and 0.75 represents a regression factor [18,54]. Fi represents the energy flux through
nematode trophic group i, where F, L, and e. represent the energy metabolism of the nem-
atode community for respiration and growth, the energy loss to higher trophic levels, and
the assimilation efficiency of a given nematode trophic group, respectively. The energy loss
term (L) was computed for each trophic group based on predation by omnivores—carnivores.

For bacterivores, L was calculated as L = Dso x Fo [55], where Do is the density-de-
pendent feeding preference of omnivores—carnivores for bacterivores, and Fois the energy
flux through omnivores—carnivores. Dso was determined based on the proportional abun-
dance of each prey group: Dso = AB+(AB + AF + AH), where AB, AF, and AH denote the
abundance of bacterivores, fungivores, and herbivores, respectively [56]. Assimilation ef-
ficiencies (es) were set at 0.60 for bacterivores, 0.38 for fungivores, 0.25 for plant parasites,
and 0.50 for omnivores—carnivores [20,55,57].

2.4. Statistical Analyses

To assess whether the continental gradient truly alters nematode community struc-
ture, we performed Permutational Multivariate Analysis of Variance (PERMANOVA) on
Bray-Curtis dissimilarities calculated from relative abundances of trophic groups. PER-
MANOVA tests the null hypothesis that there are no differences in multivariate disper-
sion among groups, using permutation-based significance testing [58]. Non-metric multi-
dimensional scaling (NMDS) was applied to visualize trophic group compositional pat-
terns across climate zones. NMDS ordination was performed on Bray—Curtis dissimilari-
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ties with 100 random starts and a convergence criterion of 0.001. The final stress value
(0.040) indicated an excellent fit (<0.05), confirming the reliability of the ordination [59].
Principal component analysis (PCA) was conducted on standardized environmental var-
iables to identify the main environmental gradients and their relationships with nematode
community structure. Pearson correlations were calculated between environmental var-
iables and nematode indices to identify significant relationships (p < 0.05). Spearman’s rank
correlations were used when normality assumptions were violated. Mantel tests were per-
formed to assess correlations between environmental distance matrices and community dis-
similarity matrices.

All statistical analyses were conducted in R version 4.4.1 [60] using the packages ve-
gan (version 2.7.5) [61] for PERMANOVA and NMDS. The nematode indicator joint anal-
ysis (NINJA) online tool [62], based on the Nemaplex database (http://nemaplex.ucda-
vis.edu, accessed on 24 June 2026), was used for functional metabolic footprint character-
ization.

3. Results

3.1. Diversity, Community Structure, and Trophic Composition of Soil Nematodes Across
Climatic Zones

The abundance of nematode trophic groups varied significantly among climatic
zones, showing a gradual decrease along the continental gradient from the island to the
semi-continental zone (Table 2). Bacterivore nematodes were the most abundant trophic
group across all zones, followed by herbivores, fungivores, omnivores, and predators.
Bacterivores, herbivores, and fungivores were significantly more abundant in the island
zone than in the coastal and semi-continental zones, with very highly significant differ-
ences among zones (Table 2; p < 0.001). Omnivores also showed higher abundance in the
island zone and declined toward the more continental zones, exhibiting a highly signifi-
cant difference (p = 0.01; Table 2). Predator abundance followed a similar pattern, being
highest in the island zone, intermediate in the coastal zone, and lowest in the semi-conti-
nental zone, with significant differences among zones (p = 0.01; Table 2).

Table 2. Nematode abundance based on feeding habits across habitat climates.

Trophic Group Island (n = 30) Coastal (n = 60) Semi-Continental (n =40) Df p

Mean *SD Mean *SD Mean *SD
Bacterivores 213.33a 2795 4833b  5.67 799D 8.62 34.78  5.99 x 10714 ***
Fungivores 36 a 5.06 13.03b  1.87 14.32Db 2.3 25.60  2.35x107***
Herbivores 48.4 a 6.69 1142b 14 2092 b 4.08 28.56  1.08 x 109 ***
Omnivores 1297a 1.6 822b 1.2 7.08b 1.02 6.69 0.035 *
Predators 1.77 a 0.55 1.13ab 027 0.55b 0.16 6.19 0.045 *

Each climate zone has 10 replicates per site. Different lowercase letters indicate significant differences
(Tukey’s HSD test: * p < 0.05; *** p <0.001).

Soil nematode communities exhibited significant differences across the three climatic
zones (Table 3). Nematode abundance was markedly higher in the island zone (312.47 +
189.30 individuals/100 g soil) compared to both the semi-continental (125.92 + 76.56) and
coastal zones (82.13 + 58.25), with significant differences among all three zones (F = 48.31,
p <0.001). Similarly, species richness was significantly greater in the island zone (20.63 +
4.91) than in the coastal (13.27 + 4.83) and semi-continental zones (15.13 + 4.55; F =34.55, p
<0.001). Conversely, Shannon diversity and Simpson diversity showed no significant dif-
ferences among zones (p = 0.554 and p = 0.569, respectively), suggesting that while the
island zone harbored more individuals and species, the overall diversity evenness was
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comparable across zones. However, Pielou’s evenness was significantly lower in the is-
land zone (0.71) compared to the coastal (0.81) and semi-continental zones (0.77; F =18.73,
p <0.001), indicating a more uneven distribution of species abundances in island soils. The
Maturity Index was significantly higher in the island zone (2.27) than in the other two
zones (2.25 for both; F =9.61, p = 0.008), while the Plant Parasite Index showed no signifi-
cant differences (p = 0.136). The nematode channel ratio was significantly higher in the
island zone (0.85) compared to the coastal zone (0.78; F = 6.72, p = 0.035), suggesting a
greater contribution of the fungal decomposition pathway in island ecosystems.

Ecological indices revealed distinct patterns: the Wasilewska Index was significantly
higher in the island zone (272.69) compared to both coastal (119.77) and semi-continental
zones (118.05; F = 15.59, p < 0.001). The Basal Index was significantly higher in the island
and semi-continental zones (68.32 and 66.40, respectively) compared to the coastal zone
(54.91; F = 16.83, p < 0.001). The Structure Index was significantly elevated in the coastal
zone (36.04) relative to the island (22.78) and semi-continental zones (23.68; F = 9.84, p =
0.007), while the enrichment index showed no significant differences (p = 0.103).

Table 3. Diversity and nematofaunal indices across habitat climates.

Island (n=30) Coastal (1 =60) Semi-Continental (#=40) Df p

Index Mean +SD Mean *SD Mean +SD

Abundance 31247 a 18930 82.13c¢ 5825 122.77Db 76.56 48.31 <0.001 ***
Richness 20.63a 491 13.27b 4.83 15.13b 4.55 34.55 <0.001 ***
Shannon (H’) 204a 0.28 1.95b 040 1.96b 0.33 1.18 0.554 ns
Simpson (1 - D) 0.79a 0.07 080b 0.09 0.79b 0.07 1.13  0.569 ns
Evenness (J) 0.71b  0.08 08la 010 0.77b 0.11 18.73 <0.001 ***
Maturity Index (MI) 227a 0.16 225b 014 225b 0.20 9.61 0.008 **
Plant Parasite Idx (PPI) 3.00 0.32 2.62 096 284 1.15 399 0.136ns
Nematode Channel Ratio (NCR)  0.85 0.07 0.78 0.16 0.84 0.14 6.72 0.035*
Wasilewska Index (WI) 272.69b 29244 119.77 a 216.46 118.05b 151.16 15.59 <0.001 ***
Basal Index (BI) 68.32a 10.21 5491b 19.11 66.40a 14.47 16.83 <0.001 ***
Enrichment Index (EI) 14.55 5.82 18.97 11.45 15.60 11.55 4.09 0.103ns
Structure Index (SI) 22.78b 1091 36.04a 22.82 23.68Db 14.70 9.84 0.007 **

Each climate zone has 10 replicates per site. Different lowercase letters indicate significant differ-
ences (Tukey’s HSD test: * p <0.05, ** p < 0.01, *** p <0.001; ns: not significant).

3.2. Multivariate Patterns in Nematode Community Composition and Trophic Structure

Non-metric multidimensional scaling (NMDS) based on Bray—Curtis dissimilarities
revealed a clear separation of nematode trophic communities along the continental gradi-
ent (stress = 0.040, indicating a reliable two-dimensional representation; Figure 2). Coastal
samples formed a distinct cluster, separate from both the semi-continental and island
communities, with minimal overlap between groups. The 95% confidence ellipses further
supported this separation, with the coastal zone showing the largest dispersion, suggest-
ing greater within-group variability. The semi-continental and island communities
showed partial overlap, pointing to similarities in trophic structure between these two
zones. Overall, this ordination indicates that climatic zone is a significant structuring fac-
tor for nematode trophic composition.
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Figure 2. Non-metric multidimensional scaling (NMDS) of Bray—Curtis dissimilarities of nematode

trophic communities along the continental gradient (stress = 0.040).

Principal component analysis (PCA) on Hellinger-transformed trophic proportions
explained 64.4% of the total variance on the first two axes (PC1 = 33.7%, PC2 = 30.7%;
Figure 3). The biplot showed that PC1 primarily separated coastal communities from
semi-continental and island communities, driven mainly by higher loadings of fungivores,
predators, and omnivores along the positive axis. PC2 was mainly associated with a bac-
terivore-herbivore gradient. The direction and length of the trophic-group vectors indi-
cate that fungivores and predators contributed most to the discrimination between cli-
matic zones, while bacterivores were relatively ubiquitous across all sites.
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https://doi.org/10.3390/soilsystems10070073



Soil Syst. 2026, 10, 73

10 of 19

—_
o
~

CWM Bacterivores
N
o]

CUE Bacterivores

I
o

o
CWM Fungivores
=]
@ -
CWM Herbivores
o
o
—
<%o_cr
CWM Omnivores-predators
8
o]

3.3. Relationships Between Body Size and Carbon Use Efficiency Along a Gradient of Continentality

Significant variations in community-weighted mean body mass traits and CUE of
trophic groups were observed across climate types (island, coastal, and semi-continental)
(Figure 4). The analysis revealed that CWM mass values for bacterivores, fungivores, her-
bivores, and omnivore-predators were consistently higher in the island climate, with sig-
nificant differences (p < 0.001), while coastal and semi-continental climates exhibited sim-
ilar but lower values (Figure 4a). A similar pattern was observed for CUE, which exhibited
higher values in the island climate for bacterivores, fungivores, and omnivore-predators
(p < 0.001). In contrast, no significant differences in herbivore values were observed be-

tween zones (Figure 4b).
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Figure 4. The effects of different habitats (island, coastal, and semi-continental) along the continental
gradient on (a) the community-weighted mean (CWM) mass and (b) carbon use efficiency (CUE) of
trophic groups. Significant differences, as determined by Tukey’s honest significant difference test

(* p <0.001), are denoted by different lowercase letters.

3.4. Response of Nematode Communities to Environmental Drivers and Thermal Stress

Nematode biomass and energy flux also varied along the continental gradient. Nema-
tode biomass was negatively correlated with continentality, whereas energy flux and respira-
tion showed only weak positive correlations that were not statistically significant (p > 0.05). In
contrast, production declined significantly with increasing continentality (Figure 5).
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Figure 5. Pearson correlation coefficients between nematode biomass, energy flux, respiration, and
soil nematode Production, and the thermal amplitude gradient. The correlation values and their

significance levels are displayed above each plot.

The distribution of trophic footprints across bioclimatic zones, climate zones, and the
metabolic footprint of different trophic groups (Figure 6). NMF values for bacterivores,
fungivores, and herbivores were consistently higher in the island climate, with significant
differences, while coastal and semi-continental climates exhibited similar but lower values
(p < 0.001). For omnivores—predators, higher values were observed in island and coastal
climates, whereas lower values occurred in the semi-continental climate.
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Figure 6. The effects of different habitats (island, coastal, and semi-continental) along the continental
gradient on nematode trophic group footprints. Significant differences, as determined by Tukey’s
honest significant difference test (* p < 0.05 and *** p < 0.001), are denoted by different lowercase

letters.

Moderate negative correlations were observed between the metabolic footprint of all
four trophic-group footprints, which declined significantly with increasing thermal am-
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plitude (Figure 7). The herbivore footprint showed the strongest negative correlation (R =
—0.51), followed by the bacterivore footprint (R =-0.45), the fungivore footprint (R =-0.39),
and the omnivore-predator footprint (R =-0.27), all significant at p < 0.001.
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Figure 7. Pearson correlation coefficients between nematode trophic group footprints and the thermal

amplitude gradient. The correlation values and their significance levels are displayed above each plot.

The correlation matrix revealed strong associations between environmental variables
and nematode community parameters (Figure 8). Positive correlations dominated be-
tween certain soil parameters (pH, CE, CaCOs, temperature, N, and humidity) and nem-
atode abundance-related variables, including total abundance, bacterivores, fungivores,

and herbivores, whereas negative correlations prevailed between trace metal concentra-
tions (P, Zn, Cu, Mn), precipitation, and altitude. Notably, Shannon diversity and meta-
bolic traits (CUE, production) showed weak correlations with environmental variables.
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Figure 8. Correlation matrix (Pearson’s r) between environmental variables (OC, organic carbon; N,
nitrogen; CE, conductivity; CaCO;, calcium carbonate; P, phosphorus; Zn, zinc; Cu, copper; Mn,
Manganese)and nematode community parameters (MI, maturity index; PPI, plant-parasitic index;
CWM, community-weighted mean mass; CUE, carbon use efficiency; NCR, nematode channel ratio;

WI, Wasilewska index; BI, basal index; EI, enrichment index; SI, structure index).

4. Discussion

4.1. Diversity, Community Structure, and Trophic Composition of Soil Nematodes Across
Climatic Zones

The results of this study provide strong support for our first hypothesis, namely that
the continental gradient exerts a significant structuring effect on soil nematode diversity,
abundance, and trophic composition within the Arganeraie Biosphere Reserve. The pro-
gressive decline in total nematode abundance and genus richness from the island to the
semi-continental zone mirrors patterns reported in other Mediterranean and semi-arid
systems, where increasing thermal amplitude and reduced soil moisture act as primary
environmental filters on belowground invertebrate communities [30]. This is consistent
with the broader framework proposed by Verdtet al. [23] and Rongstock et al. [24], who
argue that continental gradients function as integrative proxies for multiple co-occurring
stressors, including thermal extremes, water deficit, and edaphic instability, whose com-
bined effects on soil biota typically exceed those observed when each factor is examined
in isolation.

Notably, while abundance and richness declined markedly with increasing continen-
tality, the Shannon and Simpson diversity indices did not differ significantly among zones.
This apparent decoupling suggests a compensatory mechanism in community evenness,
whereby the loss of dominant taxa in more continental zones is partially offset by a more
balanced relative distribution among the remaining genera. Similar patterns have been
documented in arid soils subjected to increasing water stress, where taxonomic loss does
not necessarily translate into proportional declines in diversity indices because rare taxa
persist while dominant ones decline [29]. This finding reinforces the view that single di-
versity metrics are insufficient to capture the full ecological response of nematode assem-
blages to environmental gradients and that diversity and functional analyses must be con-
sidered jointly.
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The significantly lower Pielou’s evenness in the island zone, despite its higher abun-
dance and richness, indicates that this zone supports a more dominance-structured com-
munity, likely reflecting locally favorable conditions that allow a subset of taxa to prolif-
erate disproportionately. This pattern aligns with the productivity-dominance relation-
ship described for nutrient-enriched or climatically buffered soils, in which high resource
availability favors rapid population growth of opportunistic colonizer taxa [6,10].

The significantly higher MI in the island zone is consistent with communities possi-
bly shaped by slightly more stable, less disturbed conditions [17,63], and provides direct
empirical support for the maturity-index framework, in which the relative abundance of
persister taxa serves as an indicator of soil disturbance history. Conversely, the elevated
NCR in the island zone points to a fungal-dominated decomposition pathway, in agree-
ment with Ferris et al. [6], who associate high NCR values with slower-turnover, fungal-
based energy channels typical of structurally mature soils. The relative shift toward a
more bacterial-dominated channel in coastal and semi-continental zones suggests an ac-
celeration of nutrient cycling under increasing thermal stress, consistent with global syn-
theses showing that bacterial-dominated decomposition pathways tend to prevail under
disturbed or resource-pulsed conditions [64,65]. The concurrently higher WI and Bl in the
island zone further support a community profile characterized by greater opportunistic
enrichment alongside a structurally buffered fungal channel, while the significantly ele-
vated SI in the coastal zone suggests that, despite its lower overall abundance, this zone
retains a comparatively more structured food web—an apparent paradox that warrants
closer examination of fine-scale edaphic heterogeneity in transitional climatic zones.

4.2. Multivariate Patterns in Nematode Community Composition and Trophic Structure

The clear multivariate separation of coastal communities revealed by both NMDS
and PCA, together with their greater within-group dispersion, suggests that this zone is
characterized by higher spatial heterogeneity in microhabitat conditions. Such transitional
zones often exhibit increased environmental variability at fine spatial scales, which can
generate higher compositional turnover among samples . The convergence between semi-
continental and island communities along PC1, despite their contrasting climatic condi-
tions, may reflect shared functional constraints imposed by either chronic aridity (semi-
continental) or comparatively low net productivity, a hypothesis that merits further test-
ing with finer-resolution environmental data.

The PCA loadings, with fungivores, predators, and omnivores driving the separation
along PC1 and a bacterivore-herbivore gradient along PC2, indicate that it is primarily the
higher trophic levels that discriminate among climatic zones. This is ecologically consistent
with the greater sensitivity of K-strategist taxa (c-p 3-5) to environmental instability [17] and
reinforces the interpretation that omnivore-predator and fungivore guilds act as the most re-
sponsive structural indicators of climatic stress within this reserve, while bacterivores provide
comparatively limited discriminatory power despite their numerical dominance.

4.3. Relationships Between Body Size and Carbon Use Efficiency Along a Gradient of Continentality

The consistently higher CWM body mass observed in the island zone across nearly
all trophic groups supports a trait-based interpretation in which less stressful environ-
mental conditions favor the persistence of larger-bodied, slower-growing taxa. This pat-
tern is consistent with the broader ecological principle that environmental stress selects
for smaller body size and faster life-history strategies, a relationship well documented for
both nematodes and other soil invertebrates [9,18]. The decline in CWM body mass with
increasing continentality therefore likely reflects a shift in community composition to-
ward smaller, more stress-tolerant colonizer taxa, complementing the MI and NCRbased
evidence of reduced community maturity described above.
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The parallel decline in CUE for bacterivores, fungivores, and omnivore-predators
along the gradient is functionally significant, as CUE directly links nematode community
metabolism to soil carbon dynamics [22]. Lower CUE in more continental zones implies
that a larger proportion of assimilated carbon is respired rather than allocated to growth
and reproduction, consistent with metabolic theory predicting that thermal and water
stresses increase maintenance respiration costs relative to net biomass production [66,67].
This mirrors findings from soil microbial studies showing that water-limited and ther-
mally variable conditions reduce microbial CUE through increased osmotic and thermal
stress responses [68], suggesting that nematode and microbial carbon-processing efficien-
cies may respond in a functionally coupled manner across this gradient—an avenue mer-
iting explicit testing in future work given the tight trophic linkage between nematodes
and their microbial prey [14]. The absence of a significant CUE response in herbivores, in
contrast to other trophic groups, may reflect their direct dependence on plant-derived car-
bon resources rather than on microbial intermediaries, rendering their metabolic effi-
ciency comparatively decoupled from the soil microclimatic conditions that primarily af-
fect microbial-feeding guilds.

4.4. Response of Nematode Communities to Environmental Drivers and Thermal Stress

The decline in nematode biomass and production with increasing continentality, con-
trasted with the comparatively stable energy flux and respiration, indicates that thermal
stress disproportionately constrains carbon allocation to growth and reproduction rather
than overall metabolic activity. This pattern is consistent with the metabolic footprint re-
sults: NMF values for bacterivores, fungivores, and herbivores were consistently higher
in the island zone, indicating that this zone functions as a disproportionately important locus
of nematode-mediated carbon flux, in line with global assessments identifying climatically
stable, moisture-buffered soils as hotspots of nematode contribution to soil respiration [12].

The moderate-to-strong negative correlations between trophic-group footprints and
thermal amplitude suggest that, despite their numerical dominance across all zones, these
groups are functionally the most sensitive to increasing thermal stress. This finding has
important implications: it indicates that shifts in nematode-mediated carbon cycling un-
der climate change may be driven less by the loss of rare, specialized taxa than by reduced
metabolic performance within the numerically dominant, broadly distributed functional
groups, a mechanism increasingly recognized as central to ecosystem-level responses to
climate stress [20,21].

The correlation analysis further identifies pH, electrical conductivity, CaCOs content,
temperature, and humidity as the dominant correlates of nematode abundance and
trophic composition, in agreement with prior work on nematode community drivers in
arid and semi-arid soils [41,69]. The negative associations with trace metals and altitude
support a multifactorial control model in which climatic and edaphic variables interact
synergistically to shape belowground biodiversity, consistent with global-scale evidence
that soil abiotic properties and climate jointly constrain microbial and faunal community
assembly [25,26]. The comparatively weak correlation between Shannon diversity, CUE,
production, and the measured environmental variables is noteworthy and suggests that
taxonomic diversity metrics and functional/metabolic traits may be governed by partially
distinct sets of drivers—possibly related to unmeasured factors such as organic matter
quality, microbial biomass, or fine-scale resource heterogeneity [14,28]. This divergence
reinforces the value of combining taxonomic and trait-based approaches when assessing
soil health, since reliance on diversity indices alone may fail to detect functionally signif-
icant shifts in carbon-cycling capacity.
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5. Conclusions

This study reveals that the continental gradient in the Arganeraie Biosphere Reserve
is associated with marked shifts in soil nematode community structure and functional
attributes. Island climates are linked to higher abundance, richness, and trophic complex-
ity, while coastal and semi-continental zones exhibit simplified, bacterivore-dominated
communities with constrained functional diversity. Thermal amplitude is associated with
reduced biomass, production, and metabolic footprints across all trophic groups. The sta-
bility of energy flux despite diversity losses appears consistent with functional redun-
dancy within dominant bacterivore guilds, though this should not be interpreted as resil-
ience given the absence of perturbation-recovery experiments.

Several limitations warrant consideration. The cross-sectional design precludes as-
sessment of temporal dynamics and seasonal variability that may substantially alter com-
munity composition in arid Mediterranean ecosystems. Resilience was not directly meas-
ured; the study relies on spatial proxies to infer stress responses, and statements regarding
buffering capacity remain speculative. The correlative nature of the analyses prevents de-
finitive attribution to specific drivers, as unmeasured variables —including organic matter
quality, microbial biomass, and land-use history—may contribute substantially to ob-
served variation. Additionally, the spatial scale was confined to a single reserve, limiting
generalizability to broader Mediterranean contexts.
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