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Nun'Álvares, 34, 4900-347, Viana do Castelo, Portugal

A R T I C L E  I N F O

Keywords:
Soil biodiversity
Nematodes
Species distribution models
Climate change
Conservation
Protected areas

A B S T R A C T

Soil biodiversity is essential for the provision of ecosystem services, yet the response of belowground commu
nities to climate change remains unclear and poorly integrated into conservation policies. In soil, nematodes are 
recognized as bioindicators of soil health and function. In this study, we aimed to assess the current distribution 
and potential shifts in nematode communities across the North of Portugal, considering the climate forecasts. A 
total of 406 soil samples were collected throughout the region in different land-use types (agriculture, forests, 
pastures and urban areas), in a stratified sampling design, from which soil nematodes were extracted and 
identified through morphological characters. Species distribution models were created using ensemble ap
proaches to predict their distribution under current and future climate conditions.

Our results show that slope, agriculture cover and precipitation were the most important drivers of nematode 
distributions. Model projections under three future climate Shared Socioeconomic Pathways (SSP1, SSP3, SSP5) 
for 2041–2070 suggest a decline in nematode richness in 58.10% of the region, particularly in the northwest. 
Trophic groups responded differently: omnivores, fungivores and herbivores substantially reduced their distri
bution, while bacterivores expanded their range. Results suggest that protected areas buffer species loss and 
foster richness gain across all climate scenarios, although their effectiveness remains uncertain. This study 
highlights the importance of protecting belowground communities and their functions in the face of climate 
change. Integrating soil biodiversity into policy planning will contribute to build resilient ecosystems under 
global change.

1. Introduction

Soils represent one of the most complex and biologically diverse 
environments on Earth, including microbes, fungi, nematodes, and 
larger soil animals that interact in complex ecological networks. 
(Bardgett and van der Putten, 2014; Guerra et al., 2020). Soil biodi
versity plays an important role in maintaining essential ecosystem 
functions, such as organic matter decomposition, plant productivity, 
nutrient cycling and pathogen regulation (Bardgett and van der Putten, 
2014; Wall et al., 2015; Guerra et al., 2021), which are key for human 
health and of high economic importance worldwide (Holzman, 2012). In 
the sphere of soil biodiversity, nematodes serve as useful indicators of 

soil health and disturbance due to their widespread distribution and 
abundance across all habitats containing water and organic carbon 
sources, under a variety of climatic conditions (Bongers and Ferris, 
1999). These organisms occupy every trophic level within the soil 
food web (Bongers and Bongers, 1998), including bacterivores, fungi
vores, omnivores, and predators (as free-living nematodes), as well as 
herbivores (Yeates et al., 1993). Taken together, nematodes intervene in 
all soil processes, and the analysis of nematode assemblages allows for 
the assessment of soil biodiversity functionality, such as the activity of 
decomposition pathways and soil nutrient status (Bongers et al., 1997) 
as well as the regulation services and herbivory pressure (Ferris, 2010). 
Herbivorous nematodes have been mostly studied in agriculture-related 
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research fields (Archidona-Yuste et al., 2021; Yang et al., 2021; Yeates 
and Bongers, 1999), although they are widely represented in all land- 
use types (Carvalho et al., 2025). Currently, these organisms are also 
used to assess the effects of global change and land-use intensification, 
highlighting their importance in understanding overall soil ecosystem 
health and functioning (Renčo et al., 2020; Siebert et al., 2020; Zhou 
et al., 2022).

Little knowledge is available on the distribution and main drivers of 
soil biodiversity. Several broader scale studies defy the long-standing 
view that belowground biodiversity follows the common patterns of 
aboveground organisms, suggesting that these are regulated by different 
mechanisms (Opik et al., 2006; Decaens, 2010; Nielsen et al., 2014). A 
recent study on the patterns of global nematode abundance showed 
larger densities of these organisms in sub-Arctic regions rather than in 
temperate and tropical regions (van den Hoogen et al., 2019). These 
findings stress that reliable assessments of the changes in soil biodi
versity as well as their soil ecological impacts are lacking and, as a result, 
the instruments for policymakers rely mostly on soil chemistry and 
physical soil impacts, such as erosion (Guerra et al., 2021). As ecological 
assessments on soil biodiversity remain limited, the projected climate 
changes are likely to further influence the soil biota patterns.

In its latest report, the Intergovernmental Panel on Climate Change 
(IPCC) considers that global warming will continue to increase in almost 
all considered scenarios and development pathways according to the 
level of greenhouse gas emissions (IPCC, 2023). As climate predictions 
point to rapid changes in temperature and precipitation patterns, soil 
biodiversity distribution patterns may be altered. In fact, temperature 
and precipitation are reported across several studies as important 
drivers for soil organisms and community assemblages (van den Hoogen 
et al., 2019), whereas plant disease pressures are likely to change due to 
expected variation in humidity and soil moisture (Singh et al., 2023). 
However, climate change can also indirectly affect soil biota by altering 
plant composition and distribution, which are linked by key ecological 
processes, including primary production, decomposition, and nutrient 
cycling (Bardgett and Wardle, 2003; Wardle et al., 2004; Bardgett and 
van der Putten, 2014). Given the importance of soil bacteria for 
nutrient cycling, changes in community patterns could translate into 
causal effects on other soil organisms, e.g. nematodes, and whole eco
systems (Mod et al., 2021). To mitigate the impacts of climate change on 
soil communities, the establishment of conservation areas and further 
inclusion of soil organisms in policy agendas have been suggested as key 
strategies (Cameron et al., 2019; Geisen et al., 2019; European Union, 
2024). Current protected areas do not fully target soil biota and its 
functions, mainly addressing aboveground biodiversity, such as plants 
and birds, and food production (Guerra et al., 2021). Some studies re
ported that protected areas have no significant effects on soil commu
nities (Ciobanu et al., 2019) and are currently inefficient in effectively 
reducing threats to soil biodiversity (Cameron et al., 2019). However, 
significant beneficial effects of protected areas have been reported on 
the regulation service provided by soil organisms in the North of 
Portugal (Duarte et al., 2024).

Recent advancements in ecological modelling allow for a clearer 
understanding of belowground biodiversity distributions, drivers and 
dynamics. Species distribution models (SDM) have been widely used to 
assess species distribution patterns, including the potential proliferation 
of invasive species (Peterson, 2003; Guisan and Thuiller, 2005). These 
tools have numerous different applications, such as quantifying the 
environmental niche of species (Austin et al., 1990; Vetaas, 2002), and 
modelling species assemblages, including biodiversity and composition, 
based on individual species predictions (Guisan and Theurillat, 2000), as 
well as to assess the impact of climate change and other environmental 
changes on species distributions (Zeiss et al., 2023). It involves the 
prediction of the current distribution of a given species and the projec
tion of how this distribution may shift in response to anticipated climate 
change (Thuiller, 2004). A particular approach combines Shared So
cioeconomic Pathways (SSP) with Representative Concentration 

Pathways (RCP). Whilst the former model estimates the direction of 
several socioeconomic factors (e.g. economic growth, population de
mographics), the latter describes different levels of greenhouse gases 
and other radiative forcings (Pörtner and Roberts, 2022).

In this study, we aimed to investigate the distribution and potential 
future changes in nematode communities across the heterogeneous 
landscape of the North of Portugal. Specifically, the objectives were to: 
(i) assess the current spatial distribution of nematode taxa in relation to 
key environmental drivers, including land-use types, climate, and soil 
properties; (ii) evaluate the influence of climate factors on nematode 
diversity and functional groups; (iii) project future changes in nematode 
distributions under varying climate scenarios of SSP and identify po
tential impacts on soil biodiversity; and (iv) compare the predicted 
changes in nematode communities within and outside protected areas 
and understand the implications for soil biodiversity conservation and 
ecosystem function under future climate and land-use conditions.

2. Material and methods

2.1. Area of study and soil sampling

The North of Portugal was selected as our area of study, covering 
approximately 21,515 km2 (Fig. 1). This is a highly heterogeneous re
gion, subject to a wide array of pressures, land-use types and different 
environmental conditions (Cano-Diaz et al., 2023; Duarte et al., 2024; 
Carvalho et al., 2025).

In order to obtain a fair representation of the environmental condi
tions of the North of Portugal, 406 soil samples were collected using a 
hierarchical stratified random sampling scheme with a 20 × 20 km grid 
applied across the entire area of study (Fig. 1). In each grid cell, 6 
different land-use types were sampled in the same day between 
September and December 2021: annual and perennial agriculture, 
native and exotic forests, pastures and urban areas. At each site, a 
composite soil sample was collected from 9 soil cores down to 10 cm 
depth taken with a hori-hori knife from a 900 m2 area. Soil cores were 
mixed in a plastic bag, after removal of plant material and large stones, 
and used to fill a 100 mL plastic container with soil, which was trans
ported in a refrigerated box to the laboratory and kept at 5 ◦C in the dark 
and processed within the following up to 45 days.

2.2. Nematode occurrence data

Nematodes were extracted from 100 mL soil samples using the tray 
method, an adaptation of the Baermann funnel (Whitehead and 
Hemming, 1965), for 72 h. Nematodes were identified based on their 
morphological characters following diagnostic keys (Goodey, 1963; Mai 
et al., 1996; Ferris, 2011). Nematodes were identified to family or up to 
genus level (some free-living nematodes, herbivore nematodes), ac
cording to the resolution needed to assign them into the correct func
tional groups.

2.3. Environmental variables

Climate factors (such as mean annual temperature and precipita
tion), location attributes (such as slope), land cover types (including 
forest and agricultural cover and proximity to urban areas), and soil 
chemical and physical properties (such as soil nitrogen, pH, clay and silt 
content) were obtained per sample site (Supplementary Table S1). Most 
environmental variables were obtained from existing public datasets in 
raster format. However, soil phosphorus, pH, organic carbon, and clay 
and silt content (%) were measured directly from the soil samples: Soil 
organic carbon was analysed using the Walkley & Black chromic acid 
wet oxidation method (Nelson and Sommers, 1996; FAO, 2020). Soil pH 
was measured potentiometrically in a soil-to-water suspension with a 
ratio of 1 part soil to 2.5 parts water (by mass/volume). Extractable 
phosphorus was assessed using the modified Egner-Riehm method 
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(Egner et al., 1960), with a lactate-acetate solution filtered and 
measured by molecular absorption spectrophotometry. The content of 
clay and silt (%) was determined through particle-size distribution, 
quantifying silt (0.02 > Ø > 0.002 mm) and clay (Ø < 0.002 mm) ac
cording to the International Union of Soil Science recommendations 
(Atterberg Scale). All environmental variables present in the raster 
format (retrieved from available datasets) were transformed following a 
z-score transformation and reprojected or resampled onto a 1 km grid 
system and into WGS84, as necessary. In the case of environmental 
rasters of pH, nitrogen, SOC, clay and silt content, these were stan
dardized with respective mean and standard deviation from determined 
values from soil sampling, as these provide direct observations of local 
soil conditions rather than interpolated estimates, while preserving the 
relative spatial gradients of the original raster layers. To avoid multi
collinearity among the environmental variables, values were extracted, 
and correlated variables were sequentially removed using the variable 
inflation factor (VIF) ≥ 5 criterion (Fox and Weisberg, 2019). Addi
tionally, based on our previous screening for the same study region 
(Carvalho et al., 2025), elevation, temperature extremes and seasonality 
were not retained, as these were consistently highly correlated with 
mean annual temperature and redundant with other temperature pre
dictors at this spatial extent.

2.4. Model fitting

To estimate current and future distributions of the different nema
tode taxa, ensemble species distribution models were developed in R 
software (R Core Team, 2022), running efficiently up to 10 single clas
sification models on presences/pseudo-absences, with the biomod2 
package (Thuiller et al., 2022). A pseudo-absence dataset was generated, 
using nematode taxa occurrences as presences. To avoid overfitting, 
only taxa with ≥15 occurrences, i.e. 33 nematode taxa, were selected for 
the analysis, and the Top 10 most important predictors were selected 
among the environmental variables present in Supplementary Table S1, 
following a similar workflow used in Zeiss et al. (2023). This variable 
screening was performed with MaxEnt, which was used here as a pre
liminary and standardized approach to reduce the predictor stack before 
ensemble modelling. This algorithm was selected because it provides a 

suitable balance between predictive performance and computational 
efficiency (Elith et al., 2006; Hernandez et al., 2006; Valavi et al., 2021). 
This procedure allowed a consistent ranking of predictors across taxa, 
whereas averaging across all algorithms would have greatly increased 
computational time.

To find the most important predictors, the biomod2:get_varia
bles_importance function was used, which calculates the Pearson corre
lation between the standard predictions and those with the variable 
randomly permuted (Thuiller et al., 2016). Higher values of variable 
importance signify a stronger influence of the variable on the model. The 
10 environmental variables with the highest average permutation 
importance were selected: NDVI, mean annual precipitation, slope, 
mean annual temperature, agriculture cover, nitrogen, soil copper, wind 
speed, soil moisture and clay and silt content. Once the main environ
mental drivers for nematode taxa distribution were determined, these 
predictors were then applied in each final individual species distribution 
model to assess their potential distribution.

For each taxon, a ratio of 3 pseudo-absences per presence was used in 
the models and replicated 10 times (Barbet-Massin et al., 2012), derived 
from a generated pseudo-absence dataset. We used 10-fold cross- 
validation (80:20%, 5 repetitions), and True Skill Statistic (TSS) to 
improve model performance for ensemble modelling (Allouche et al., 
2006), these being combined by each combination of repetition data
sets and pseudo-absence. Additionally, the weight of single models was 
assigned according to their evaluation score, meaning that models with 
higher accuracy are more important for predictions.

To assess the main drivers of each taxon distribution, the same 
procedure to find the Top 10 most important variables was followed, 
and biomod2:get_variables_importance was used to estimate the relative 
variable importance.

2.5. Current and future projections

Prediction maps originated from best-rated ensemble models 
(maximizing TSS) were generated with a model-specific threshold for 
each taxon, converting the derived probabilities into binary predictions. 
To calculate predicted taxa richness (or number of taxa per grid cell), 
derived maps containing the binary predictions were summed.

Fig. 1. Distribution of the 406 soil samples collected throughout the North of Portugal, within protected and non-protected areas, in 6 different land-use types: native 
and exotic forests (70 and 57 samples, respectively), pastures and urban areas (71 samples each), and annual and perennial agriculture (70 and 67 samples, 
respectively).
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To assess the potential effect of future climate conditions on nema
tode distribution, the nematode distributions were reprojected for the 
same environmental variables except for mean annual temperature and 
mean annual precipitation. These future predictions were obtained from 
CHELSA 2.1 global climate models GFDL-ESM4, IPSL-CM6A-LR, MPI- 
ESM1–2-HR, MRI-ESM2–0 and UKESM1–0-LL (Karger et al., 2021), for 
the time period of 2041–2070, and for three shared-socioeconomic 
pathways (SSP) combined with representative concentration pathways 
(RCP: SSP1– “sustainable path” RCP 2.6; SSP3 – “regional rivalry” with 
RCP 7.0; and the most negative case scenario, the SSP5 – “fossil-fuelled 
development” with RCP 8.5 (Pörtner and Roberts, 2022). All remaining 
environmental variables were kept constant across scenarios to isolate 
the climate effects on nematode distribution. For each global climate 
model and taxon, four different projections were obtained: current dis
tribution and each of the shared socioeconomic pathways. All pre
dictions were averaged across the global climate models. The current 
and future ranges of mean annual temperature and precipitation across 
the region, including protected areas, are summarised in Supplementary 
Fig. S1.To compare the potential change of distribution under each SSP 
with the current distribution, the biomod2:BIOMOD_RangeSize function 
was used, which computes the number of grid cells lost, stable or gained, 
and relative proportion, for a species across the area of study. It was then 
possible to determine which taxa are potentially going to be affected by 
the change in temperature and precipitation conditions, but also to gain 
insight into how whole trophic groups may be affected. By calculating 
the difference of predicted richness in each grid cell among the layers, 
we were able to evaluate the potential loss or gain of species along the 
entire North of Portugal and, more specifically, compare the loss or gain 
of species between designated protected areas and areas with no con
servation status.

3. Results

3.1. Nematode dataset

A total of 44 different nematode taxa were found in the 406 soil 
samples across the North of Portugal (Supplementary Table S2). Among 
them, 10 taxa of bacterivores, 7 fungivores, 6 omnivores, two predators 

and 19 herbivore taxa. The fungivores Aphelenchoididae and the bac
terivores Cephalobidae and Panagrolaimidae were the nematode taxa 
with the highest incidence throughout the soil samples, whilst the rarest 
nematodes found comprised the herbivore Longidorus and the omnivore 
Nordiidae with one occurrence and Bunonematidae with two 
occurrences.

The mean taxa richness was 14.57 (SD = 3.54), with a minimum of 5 
and a maximum of 26 taxa.

3.2. Importance of environmental factors on nematode distribution

Slope, agriculture cover and mean annual precipitation were the 
most important variables for the modelling distribution of the 33 nem
atode taxa (Fig. 2A). On the contrary, mean annual temperature, clay +
silt content and wind speed contributed the least to the distribution 
modelling. However, the variable contribution varied according to 
nematode trophic groups (Fig. 2B-E). For example, for fungivores, our 
results show agriculture cover, NDVI and mean annual precipitation as 
more important than temperature and wind speed (Fig. 2B), whilst 
bacterivores were dependent on slope, NDVI and soil nitrogen condi
tions and less on moisture and climate factors such as temperature and 
wind speed (Fig. 2C). The distribution of herbivores was conditioned by 
slope, agriculture cover and precipitation with smaller effects of soil 
properties such as texture (clay + silt content), copper and wind speed 
(Fig. 2D). As for omnivores and predators, our results indicate different 
conditions affect their distribution, as the former is dependent on slope, 
agriculture cover and NDVI (Fig. 2E), and the latter is dependent on 
values of precipitation and soil properties such as nitrogen and moisture 
(Fig. 2F).

Strong and moderate linear correlations were found between envi
ronmental drivers and the occurrence of free-living nematode taxa 
(Fig. 3). The strongest relationship was found regarding NDVI and the 
fungivore Tylencholaimus (ρ = 0.76), also being strongly correlated with 
predators Mononchidae and Tripylidae (ρ = 0.49 and ρ = 0.55) and the 
bacterivores Teratocephalidae and Wilsonema. Agriculture cover was 
strongly correlated with the fungivores Aphelenchidae, but also with the 
omnivores Aporcelaimidae, Leptonchidae, and Dorylaimidae. The bac
terivores Alaimidae and Wilsonema, fungivores Tylenchidae and 

Fig. 2. Boxplot of the importance of the variables to species distribution models of 33 nematode taxa and each trophic group using ensemble models: (A) All 
nematode taxa (33), (B) Fungivores (n = 4), (C) Bacterivores (n = 6), (D) Herbivores (n = 16), (E) Omnivores (n = 5) and (F) Predators (n = 2).
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Tylencholaimus, omnivores Qudsinematidae and predators Mononchidae 
and Tripylidae were positively correlated with precipitation, especially 
Tripylidae with a strong correlation (ρ = 0.67). However, temperature 
did not seem to influence free-living nematodes, except for Wilsonema (ρ 
= 0.47). Similarly, Trypilidae was the only taxon largely affected by soil 
moisture, with a positive correlation score of 0.5, and Tylencholaimus, to 
a lesser extent, with a 0.42 score. Moreover, both Tripylidae and 
Tylencholaimus seemed to be influenced by soil nitrogen, with Tripylidae 
being highly correlated (ρ = 0.67). Slope, as the most important variable 
for the distribution modelling, had an overall negative linear relation
ship to the probability of occurrence of free-living nematode taxa, with 

strong correlation with omnivores Aporcelaimidae (ρ = − 0.57) and 
Dorylaimidae (ρ = − 0.51), and the bacterivores Prismatolaimidae (ρ =
− 0.49) and Rhabditidae (ρ = − 0.46). None of the free-living nematode 
taxa were highly positively or negatively correlated with wind speed.

Mainly positive correlations were found between the occurrence of 
herbivore nematode taxa and environmental drivers (Fig. 3), except for 
soil clay and silt content for Cacopaurus and Hemicycliophora, with cor
relation scores of − 0.43 and − 0.47, respectively, while slope was 
strongly correlated with the occurrence of Heterodera (ρ = − 0.70), 
Tylenchorhynchus (ρ = − 0.62), Hoplolaimus (ρ = − 0.56), Pratylenchus (ρ 
= − 0.50), Ditylenchus and Trichodoridae (ρ = − 0.46 and ρ = − 0.44, 

Fig. 3. Pearson correlations between the probability of presence of 17 free-living and 16 herbivore nematode taxa, resulting from species model distribution, and 
environmental variables, across the North of Portugal. Empty squares correspond to non-significant correlations (p > 0.05).
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respectively). The strongest positive relationship (ρ = 0.78) found was 
between agriculture cover and the herbivore Paratylenchus. Precipita
tion was mainly positively correlated with: Cacopaurus and Heli
cotylenchus (ρ = 0.66 and ρ = 0.65, respectively), Meloidogyne (ρ = 0.60), 
Criconema (ρ = 0.54), Hemicycliophora (ρ = 0.51) and Rotylenchus (ρ =
0.42). Our results also showed NDVI as strongly correlated with several 
herbivore taxa, namely Cacopaurus (ρ =0.72), Criconema (ρ = 0.70), 
Helicotylenchus (ρ = 0.56) and Hemicycliophora (ρ =0.54). In addition, 
soil nitrogen shared mainly a strong correlation of 0.55 with Heli
cotylenchus, Criconema (ρ = 0.49), and a correlation score of 0.48 with 
Cacopaurus, Meloidogyne and Rotylenchus.

3.3. Distribution and richness change across climate scenarios

The mean predicted nematode taxa richness for the entire North of 
Portugal under current environmental conditions was 14.90 (SD =7.68). 
Under climate conditions for the timeframe of 2041–2070 within the 
shared socio-economic pathways SSP1, SSP3, and SSP5, the mean taxa 
richness was predicted as 13.48 (SD = 6.74), 13.01 (SD = 6.35), and 
12.85 (SD = 6.20), respectively. All three climate scenarios consistently 
predict a loss of nematode taxa in 58.10% of the region, while a gain is 
projected in 13.44% of the land area, mostly in the southeast (Fig. 4).

The predicted taxa richness derived from 33 species distribution 
models in the North of Portugal suggests areas with a higher incidence of 
nematode taxa, especially in the west (Fig. 4A). On the other hand, the 

south and south-east of the region are predicted to have lower richness 
of nematode taxa. The same pattern was found for the number of taxa in 
the different shared socioeconomic pathways (Supplementary Fig. S2). 
The western part of the region still had the highest taxa richness, how
ever, this is projected to decline under future climatic scenarios (SSP1, 
SSP3, and SSP5). Moreover, the uncertainty in predicted taxa richness, 
expressed in standard deviation across the 5 global climate models, 
increased from SSP1 to SSP5 (Supplementary Fig. S3). The change in 
richness between current and future climate conditions showed a pro
gressive trend according to the SSP, with the loss of taxa being most 
pronounced under the climate conditions of SSP5 (Supplementary 
Fig. S4). Similarly to Supplementary Fig. S2 and S3, a major loss of 
nematode taxa was evident in the western part of the region, up to more 
than 7 different taxa. However, an increment in species richness was 
predicted in the eastern part of the region throughout all climate 
scenarios.

Regarding the change of distribution of nematodes, omnivores were 
the most negatively affected trophic group, whilst bacterivore nema
todes mostly benefited from the shift of climate conditions (Fig. 4C and 
Supplementary Table S3). The effect on the different trophic groups 
follows a similar trend for each shared socioeconomic pathway, 
although more evident in SSP5, with bacterivores having positive range 
change (%) whilst herbivores, omnivores, predators and fungivores all 
lose distribution span. For SSP1, our results estimated an increase in the 
mean range distribution of 3.86% for bacterivores. On the other hand, a 

Fig. 4. Predicted changes in nematode taxa richness in the North of Portugal under different climate scenarios for 2041–2070. A) Predicted nematode taxa richness 
in current environmental conditions. B) Agreement across the shared socioeconomic pathways on the predicted gain or loss (>5%) in the distribution of nematode 
taxa in the North of Portugal. Values range from − 3 (loss predicted in all scenarios) to 3 (gain predicted in all scenarios). C) Mean percentage of range change 
distribution of different nematode trophic groups for each shared socioeconomic pathway.
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decrease of 16.83% range change for fungivores, 14.69% for herbivores, 
16.81% for omnivores and 3.26% for predators was predicted. 
Regarding predictions within SSP3, bacterivores will increase 8.14% of 
their range distribution, while fungivores (22.31%), herbivores 
(21.42%), omnivores (25.22%) and predators (2.02%) will all lose dis
tribution. In the worst climate scenario, SSP5, there was a similar trend 
but with more accentuated distribution change than in other scenarios, 
with bacterivores increasing their distribution by 9.78%. Omnivores will 
be the most affected trophic group with 28.23% loss distribution, fol
lowed by herbivores with 23.66%, fungivores with 24.28% and preda
tors decreasing 1.54% of their distribution area.

Our results predict areas with a protected status to have fewer 
negative impacts on nematode taxa richness across all scenarios 
(Table 1). For the sustainability scenario (SSP1), predictions suggest 
61.82% of the area will decline in the number of taxa, however, this 
value represented 12.03% less than the predicted value for non- 
protected areas. For SSP3, these values increased to 65.29% in pro
tected areas and to 79.5% in non-protected areas and, in the worst 
scenario, the difference was 66.72% for protected areas and 80.62% for 
non-protected areas. The percentage of area predicted to gain taxa was 
also affected by the conservation status, as the values are larger in 
protected areas than in non-protected areas, across all scenarios. Whilst 
protected areas were predicted to gain species in 33.54% for SSP1, 
30.8% for SSP3 and 29.8% for SSP5, in non-protected areas these per
centages amount to 22.71, 17.83 and 10.06%, respectively, for the same 
shared socioeconomic pathways.

4. Discussion

4.1. Environmental drivers of nematode distribution

According to our models, slope, agricultural cover and mean annual 
precipitation are important drivers of nematode distribution at a 
regional level (Fig. 2A). Slope and aspect have been widely studied for 
the effect on soil properties, influencing nutrient availability and mi
crobial activity (Sidari et al., 2008; Zhang et al., 2011). Significant ef
fects of slope on nutrient distribution were reported in forest 
ecosystems, highlighting its role in shaping spatial patterns of soil 
characteristics across different landscape positions (Tsui et al., 2004). 
Mean annual temperature was not identified as a main driver of nema
tode distribution in our findings. The inclusion of seasonal and extreme 
temperature metrics in the region could better capture region con
straints, as these are reported across several studies as important drivers 
(Verschoor et al., 2001; Bhusal et al., 2015). This may also help explain 
the weak pairwise correlation between probability of presence of most 
taxa and temperature (Fig. 3). Unlike the modelling framework applied 
to nematode taxa, these correlations assume simple linear relationships, 
which may not adequately capture more complex responses, as well as 
temperature effects that may vary among taxa. In addition, the same set 
of predictors across all nematode taxa was used to ensure comparability 
and standardization, although it may have not accounted for taxon- 

specific ecological responses.
Wind speed had low relative importance in our models (Fig. 2). 

However, its ecological relevance is documented as an important 
mechanism of nematode dispersal pathway (Ptatscheck et al., 2018), 
hence it is expected to influence nematode diversity. Our models are 
based on the assumption of static land use over time, as potential land- 
use trajectories were not included in the modelling framework. Land-use 
change induces functional shifts on nematode communities (Afzal et al., 
2023; Yang et al., 2026), thus these findings should be interpreted as the 
expected response to climate change. Anthropogenic activities such as 
agriculture are consistently described in the literature as the main 
drivers of soil biota (Veresoglou et al., 2015; Geisen et al., 2019). With 
increasing land-use intensification, soils become more depleted and 
eroded, resulting in a loss of soil biodiversity and the functions it per
forms, while enhancing the incidence of pathogens. In our results, 
agriculture cover favoured the occurrence of nematodes belonging to 
different trophic groups, such as the fungivores Aphelenchidae, the 
omnivores Aporcelaimidae, Dorylaimidae and Leptonchidae (Fig. 3), 
and herbivores Ditylenchus, Paratylenchus and Tylenchus (Fig. 3). These 
associations most likely reflect the type of agriculture in the region, as 
annual crops are abundant in the east, e.g. maize crops, whilst perennial 
crops such as vines and fruit trees are more present throughout the west 
(INE, 2023). Annual crops seem to promote the abundance of bacter
ivores, whilst herbivores are greatly enhanced in perennial crops, as 
suggested following assessments on soil quality and disturbance in 
different cropping systems (Diale et al., 2023). In this study, bacterivore 
nematode occurrence was highly dependent on NDVI and soil nitrogen 
content (Fig. 2C). Since bacterivores are often associated with enriched 
soils with high microbial activity, their abundance increases in envi
ronments subjected to fertilization and disturbances leading to rapid 
decomposition. The strong influence of ecosystem type on nematode 
assemblages is widely reported (Neher, 2010; Zhang et al., 2012), hence, 
it is expected that nematode occurrence varies according to the type of 
ecosystem most representative of the region. The strong association of 
predatory taxa with NDVI in this study supports this; in this region, the 
NDVI is highly correlated with forest cover. Given the longer life span 
and greater sensitivity of predators and omnivores to disturbance 
(Bongers and Bongers, 1998), ecosystems with lower levels of anthro
pogenic influence foster their presence and abundance. In contrast, it is 
well documented that bacterivores and herbivores can thrive in highly 
managed ecosystems (Bongers et al., 1997; Li et al., 2022). Considering 
current climate projections point to rapid shifts in temperature and 
precipitation patterns, it is imperative to address how soil biological 
communities may respond to these alterations.

4.2. Changes in terrestrial biodiversity patterns

Our findings predict a decline in soil biodiversity driven by changing 
climate conditions in 58.10% of the land across all scenarios (Fig. 4B), 
although it becomes more pronounced as climate predictions grow more 
extreme (Fig. S2). The relative stability in the projected predator dis
tribution across climate scenarios (Fig. 4C), despite marked shifts in 
other trophic groups, may reflect broader ecological tolerance or the 
absence of trophic dependencies in the species distribution models. This 
highlights a key limitation of these modelling approaches, as they do not 
account for biotic interactions, potentially leading to ecologically 
misleading projections. Moreover, predatory nematodes are expected to 
be sensitive to reduced soil moisture because larger-bodied taxa depend 
on thicker water films for movement and feeding (Wallace, 1968). Most 
importantly, these nematodes depend on habitat stability and prey 
availability (Lejoly et al., 2026), which according to our findings, are 
expected to decline overall (Fig. 4C). In addition, past studies on the 
effects of climate change on nematode communities also suggest shifts in 
predator-prey balance (Franco et al., 2019: Homet et al., 2023).

The threat of biodiversity loss is more relevant in the northwest of 
the region. Here, climate conditions significantly differ from the eastern 

Table 1 
Percentage of area predicted to experience gain or loss of nematode taxa in 
protected and non-protected areas in the North of Portugal under different 
Shared Socioeconomic Pathways (SSP) scenarios. SSP1, SSP3, and SSP5 repre
sent future climatic conditions for 2041–2070 under the Shared Socioeconomic 
Pathways 1, 3, and 5, respectively. ‘Loss (%)’ refers to the proportion of pixels 
where species richness is projected to decrease, while ‘Gain (%)’ refers to the 
proportion of pixels where species richness is projected to increase under each 
scenario.

Protected areas Non-protected areas

SSP1 SSP3 SSP5 SSP1 SSP3 SSP5

Loss (%) 61.82 65.29 66.72 73.85 79.50 80.62
Gain (%) 33.54 30.80 29.80 22.71 17.83 17.06
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areas, with higher precipitation regularity and milder temperatures, as it 
is close to the coastal zone. In fact, comparisons between current climate 
conditions and forecasts for 2041–2070 indicate a foreseeable increase 
in temperature in the east, along with a decrease in precipitation in the 
northwest. As our predictions suggest, nematode richness is particularly 
higher in areas with larger precipitation levels, which might explain the 
pattern of projected loss of soil biodiversity in the northwest. As seen in 
Supplementary Fig. S4, projected gains of nematode taxa are projected 
predominantly in northeastern Portugal, meaning environmental con
ditions for soil communities might improve. Lately, considerable effort 
has been put into research to understand how and which climate factors 
will affect soil biodiversity. Nematode communities are greatly regu
lated by precipitation across grasslands according to a regional-scale 
study assessing patterns of soil biodiversity in the Mongolian plateau 
(Chen et al., 2015). Still, the response to water availability may differ 
between nematode trophic groups (Homet et al., 2023). Given the 
crucial role of soil nematodes in nutrient dynamics and the regulation of 
soil organism populations (Neher, 2001; Ferris, 2010), shifts in terres
trial biodiversity dynamics might result in unpredictable and potentially 
detrimental outcomes. As fundamental soil processes, e.g. decomposi
tion, are mediated by soil organisms, changes in the structure of soil 
communities may alter the rate of processes that drive these biogeo
chemical processes (Schimel and Gulledge, 1998). Furthermore, the 
extent to which a function may change if terrestrial communities un
dergo such transformations remains uncertain (Singh et al., 2010).

Bacterivores might be the main beneficiary of climate change 
(Fig. 4C and Supplementary Table S3), with a distribution change be
tween 3.86 and 9.78%, from SSP1 to SSP5. Additionally, we predict that 
fungivore distribution will decrease, possibly leading to a more pre
dominant decomposition pathway towards a bacterial-dominated en
ergy channel. Given that bacteria are more opportunistic and responsive 
to nutrient availability compared to fungi, it helps to explain our find
ings (Chen et al., 2015). However, realistically, the effects on terrestrial 
biodiversity will result from the interplay of multiple global change 
factors. The interaction between reduced precipitation, elevated CO2 
and warming modify the energy channels leading to a bacterial- 
dominated energy channel, and decrease the ratio of carbon to 
phosphorus-acquiring enzymes, authors found in a grassland field 
experiment in North America (Thakur et al., 2019). Also, temperature 
and elevated CO2 is reported to drive microbial biomass changes, 
possibly due to higher root growth and exudation. Furthermore, the 
direct effects of temperature and precipitation on plant communities are 
well-established, significantly influencing their composition and dy
namics at regional scales (O'Brien, 1998; Kreft and Jetz, 2007; Cleland 
et al., 2013). Climate change might alter the dynamics of plant- 
pathogen interaction, which in turn could negatively affect the resis
tance of the plant to various pathogens and risk the outbreak of new 
plant diseases, increasing their distribution (Singh et al., 2023). How
ever, our results suggest that the distribution of herbivores will signifi
cantly decline by 14.69% in SSP1 and 23.81% in SSP5 (Fig. 4C and 
Supplementary Table S3). But this could be attributed to the indirect 
effects of climate change. A broad scale study of 1.350 European plants 
estimated 27–42% plant species loss and 45–63% turnover per pixel due 
to changes in climate conditions (Thuiller et al., 2005). As the distri
bution patterns of herbivores are highly dependent on plant composi
tion, it is expected that their spatial occurrence might be similarly 
affected. The effect of warming on nematode community composition, 
leading to an increased percentage of herbivores, is reported in a two- 
year rice paddy field experiment in China, which manipulated temper
ature and CO₂ levels (Wang et al., 2019). However, these changes were 
influenced by the rice growth stage. Such environmental shifts could 
lead to a lack of horizontal control by competition (Brinkman et al., 
2005; Pískiewicz et al., 2007; Costa, 2024). Still, plant disease sup
pression is strongly influenced by top-down effects of predatory soil 
organisms, including omnivore and predator nematodes, tardigrades 
and microarthropods (Pískiewicz et al., 2007; Bardgett and van der 

Putten, 2014).
With increasingly severe climate projections, we predict that shifts in 

precipitation and temperature patterns will lead to a loss of spatial 
distribution for omnivores, ranging from 16.81% to 28.23% in the North 
of Portugal (Fig. 4C and Supplementary Table S3). Considering the 
beneficial contribution of these higher trophic groups to disease control 
and suppressiveness, these findings may imply a loss of regulation 
functions on soils. These organisms are typically larger-bodied taxa with 
slower metabolic and reproduction rates, making them especially sen
sitive to ecosystem alterations (Bongers and Bongers, 1998; Kladivko, 
2001). As environmental conditions for these groups become less 
favourable, food webs are disrupted, leading to changes in soil biota and 
functionality (Geisen et al., 2019). Although different components of 
soil biodiversity are expected to be affected to varying degrees, the 
overall structure of food webs is likely to shift due to interactions among 
terrestrial diversity components, resulting in altered soil functioning. 
Hence, effective mitigation strategies that concern the protection of soil 
biodiversity and related ecosystem services are imperative.

Our findings suggest that protected areas help mitigate the impacts 
of climate change, with species loss ranging from 61.82 to 66.72% of the 
land area, depending on the climate scenario (Table 1), while in non- 
protected areas, this loss range increases from 73.85 to 80.62%. Addi
tionally, when species gains occur with climate change, they constitute a 
larger percentage of land in protected areas compared to non-protected 
areas (from 29.80 to 33.54% in protected areas and from 17.06 to 
22.71% in non-protected areas). This could be an indicator that con
servation areas, albeit not designed to target soil biodiversity (Cameron 
et al., 2019; Guerra et al., 2021), gather favourable socio-environmental 
conditions that might enhance the resilience of soil communities. Under 
the Portuguese legal framework for nature conservation, protected areas 
may impose constraints on land management and activities potentially 
harmful to natural habitats and biota, such as soil alteration, vegetation 
removal or reconversion, land use change, hydrological modification, 
construction and road opening (República Portuguesa, 2008). More 
specifically, in Peneda-Gerês National Park, regulation restricts inten
sive agricultural, livestock and silvo-pastoral systems, where common 
habitats include oak forests, riverine woodlands and peat bogs (ICNF - 
Instituto da Conservação da Natureza e das Florestas, 2017). Previous 
research in this study region suggests that it may also be mediated by 
habitat quality and structure, as nematode functional diversity was 
associated with soil organic carbon and soil moisture (Duarte et al., 
2024). Although Supplementary Fig. S1 indicates that protected and 
non-protected areas overlap in their climatic ranges, the mean annual 
temperature range suggests slightly lower extremes within protected 
areas. Thus, the lower percentage losses in protected areas may be partly 
influenced by their spatial distribution along climatic gradients. The 
lack of positive effects of conservation areas on soil biodiversity is 
widely reported (Ciobanu et al., 2019; Guerra et al., 2019). However, 
our own previous studies in the North of Portugal revealed a larger 
regulation service of soil communities in forests within protected areas 
than in non-protected areas (Duarte et al., 2024). While our results 
strongly suggest that protected areas can buffer climate change impacts, 
the specific mechanisms driving this resilience remain unclear and 
warrant further investigation, particularly regarding habitat heteroge
neity and land-use history. It seems important to assess which conser
vation strategies are producing positive effects belowground and to 
clarify their mechanisms.

Overall, our findings highlight the critical importance of protecting 
soil biodiversity and maintaining ecosystem functions under the threat 
of climate change. The shifts in biodiversity patterns in our results, 
including changes in soil nematode distribution and the likely effects on 
nutrient cycling and disease control, underscore the complexity of 
climate-induced impacts on terrestrial ecosystems. Given their sensi
tivity to environmental changes, nematode communities represent 
valuable indicators of soil health. Their inclusion in the upcoming Soil 
Monitoring and Resilience Directive (European Commission, 2024), 
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albeit as optional indicators, further supports their use in future moni
toring frameworks. Protected areas are here projected to provide 
considerable resilience to soil communities in the face of climate change, 
thus, there is a clear need for the development of comprehensive con
servation policies that specifically target belowground organisms. 
Moving forward, effective climate adaptation and mitigation strategies 
must prioritize the protection of soil biodiversity, ensuring the stability 
of ecosystem functions that underpin human and environmental well- 
being.
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