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Abstract

Nature conservation policy is mainly concerned with aboveground terrestrial species and
soil biodiversity has been largely ignored, resulting in a lack of information about the con-
servation status of most soil organisms and about the effects that nature conservation poli-
cies have on soil systems. Forests in Northern Portugal are characterized by a remarkable
diversity of ecosystems and provide habitat for an enormous diversity of living organisms.
This study aims to investigate whether and to what extent protected areas and forest typol-
ogy (native vs. exotic) affect soil nematode biodiversity and functions in forest ecosystems.
We studied soil nematode communities, which have been widely used for their bioindicator
value, to: (i) assess differences in soil biodiversity and functions between protected and
non-protected areas, and between native and exotic forest types; and (ii) infer how pro-
tected areas deal with pressures and drivers of soil biodiversity and functions. We showed
that current work done by nature conservation in Northern Portugal is producing some
significant effects on the soil system, showing a larger Structure and Omnivore footprints
and greater abundance of fungivorous and omnivorous nematodes in protected areas. Fur-
thermore, native forest areas are better suited to ensure soil biodiversity and ecological
functioning and should have a greater importance in nature conservation measures. Soil
organic carbon, apparent density, soil moisture, and deciduous forest cover mainly influ-
enced soil functional biodiversity with higher nematode trophic groups being positively
associated with soil organic carbon and moisture and negatively associated with apparent
density. Finally, conservation efforts targeted at the protection of native forests need to bet-
ter consider effects on soil biodiversity and function, to provide an integrated protection of
both aboveground and belowground components.
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Introduction

Protected areas such as national parks, nature reserves, and other wilderness areas play an
important role in conserving species that are unlikely to survive in intensively managed
areas and ecosystems (Branquart et al. 2008). In current times, protected areas also play
a significant role in the mitigation and adaptation of biological entities to climate change
and in providing several ecosystem services. Well-managed protected areas reduce rates
of habitat loss, can provide carbon sequestration, and reduce deforestation. There is also
strong evidence that protected areas maintain species population levels, including threat-
ened species, better than other management approaches (Lubchenco et al. 2003; Postel and
Thompson 2005; Scharlemann et al. 2010; Soares-Filho et al. 2010; Watson et al. 2014).
Unfortunately, so far, this evidence does not extend to soils and soil communities, justify-
ing the need for more targeted approaches (Zeiss et al. 2022).

Despite the importance of soil biodiversity for ecosystem functions, defined as physico-
chemical and biological processes that take place in a given ecosystem, and that maintain
terrestrial life, and services, that are ecosystem functions that directly benefit human life
(Kremen 2005), nature conservation policies are still mainly concerned with aboveground
species (Guerra et al. 2021a, b). Soil biodiversity has been largely ignored, resulting in
a lack of information about the conservation status of most soil organisms and about the
effects that nature conservation policies have on soil systems (Ciobanu et al. 2019; Guerra
et al. 2022; Zeiss et al. 2022). Currently, one of the main strategies for nature conserva-
tion is the establishment and maintenance of protected areas; and a significant amount of
time, effort, and resources have been invested in their prioritization and management in
the last decades (Elbakidze et al. 2013; Gaston et al. 2008). In Portugal, the Institute for
Nature Conservation and Forests (ICNF) is the mandated Portuguese governmental body
for nature and forest policies, including the management of Protected Areas and State-
managed national, municipal, and communal forests of mainland Portugal (ICNF 2017).
Forest areas are particularly important for conservation because of their use as a refuge
and habitat for biodiversity and as ecosystem service suppliers (Cavard et al. 2011; Demis-
sie et al. 2019; Leberger et al. 2020; Raina et al. 2011). They play an important part in the
mitigation and adaptation to climate change as trees have important roles in carbon seques-
tration and storage (Elbakidze et al. 2013). Also, interactions between plants and the biotic
and abiotic properties of soils play an important role in structuring terrestrial communities
(Van der Putten et al. 2013, 2016). For instance, gum trees (Eucalyptus globulus) are exotic
species in Portugal and, because their litter is more complex, persistent and releases toxic
compounds that inhibit decomposition (Zhao et al. 2021a, b), forest dominated by this spe-
cies will have low support for soil biodiversity. In contrast, deciduous tree species, such as
oak trees (Quercus spp.) that are native to Portugal, are likely to better support soil com-
munities, as their litter is easier to decompose and a source of nutrients to the food web
(Keith et al. 2009). Due to this strong above-belowground interconnection of communities,
soil biodiversity and the services it provides are an essential component of forest ecosystem
health (Parker 2010). Thus, knowledge about how far we can impact soils without losing
their functions and services is crucial. Habitat destruction, intensified and altered land-use,
fragmentation, and increasing population density seem to be key driving forces for eco-
system change and should be minimised to increase forest ecosystem resilience (Leberger
et al. 2020; Milad et al. 2011).

Soils regulate the diversity and functioning of aboveground systems, and are particu-
larly important for the decomposition of organic matter and carbon sequestration in forest
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areas, as well as their benefits to human well-being (Bardgett and van der Putten 2014;
Gessner et al. 2010; Guerra et al. 2021a, b; Ruan et al. 2005). It is not possible to guaran-
tee future aboveground biodiversity and food supply if we do not safeguard soils and their
biodiversity for future generations (Guerra et al. 2021a, b). Since soil biota are sensitive to
changes in their environment, they are often used for early diagnosis of multiple ecosystem
function variations (Havlicek 2012). Among them, soil nematodes are widely-used indica-
tors of soil disturbance, quality and functioning because they are ubiquitous and abundant,
and have a short response time relative to environmental impacts (Bongers and Bongers
1998; van den Hoogen et al. 2019).

Nematodes are found wherever decomposition occurs and have key roles in regulating
carbon fate and controlling soil microbial populations (Bongers and Bongers 1998). Their
community composition reflects soil texture, climate, biogeography, organic inputs, and
natural and anthropogenic disturbances (Bongers and Bongers 1998; Brussaard 1997; van
den Hoogen et al. 2019; Yeates 2003). Nematodes can be classified in functional groups
based on their morphology and feeding habits, with soils including complete trophic food
webs composed by bacterivores, fungivores, herbivores, omnivores and predators (Yeates
et al. 1993). The application of nematode indices that integrate information on the assem-
blage of nematode functional groups is a useful tool in soil studies. However, a more recent
expansion on the indices is the calculation of metabolic footprints that directly indicate the
status of soil functions and, indirectly, the provision of ecosystem services (Du Preez et al.
2022; Ferris 2010; Sanchez-Moreno and Ferris 2018). The integrated analysis of nematode
communities is a useful tool that can be applied in comparative studies to infer on below-
ground biodiversity and function in all ecosystems. The conservation status of most soil
organisms is seldom addressed, and only recently have the state of soil biodiversity been
assessed in response to conservation strategies (Ciobanu et al. 2019; Guerra et al. 2022;
Zeiss et al. 2022). Nematode metabolic footprint analysis has been employed to assess the
biodiversity and functions of forest soils (Silva et al. 2021; Zhang et al. 2015). To the best
of our knowledge, studies that compare soil nematode communities areas according to for-
est protection status are unavailable.

This study aims to investigate whether and to what extent protected areas and forest
typology (dominance of exotic or native trees) affect soil nematode biodiversity and func-
tions, such as decomposition/mineralization of nutrients and pest and disease regulation
(Ferris 2010; Sanchez-Moreno and Ferris 2018), in forest ecosystems. We studied soil
nematode communities to: (i) assess differences in their biodiversity and functions between
protected and non-protected areas between native and exotic forest types; and (ii) infer how
protected areas deal with pressures and drivers to soil biodiversity and functions (such as
pH, soil moisture and apparent density).

Material and methods
Study area

The North of Portugal is characterised by a remarkable diversity of forest ecosystems, both
natural (mainly dominated by oak species) and anthropogenic (planted forests for silvicul-
ture). Our study was located in an area of approximately 21,515 km?, with 15.5% occu-
pied by forests that include some of the rarest and most valuable elements of regional and
national biological diversity (Tereso et al. 2011). Native forests are represented by common
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oak (Quercus robur) and Pyrenean oak (Quercus pyrenaica), accompanied by cork oak
(Quercus suber), and also pine trees (maritime pine Pinus pinaster and Scots pine Pinus
sylvestris). Exotic forests are represented by gum tree plantations (Eucalyptus globulus),
and invasive species of the genus Acacia, namely the silver wattle (Acacia dealbata),
blackwood (Acacia melanoxylon) and golden wattle (Acacia longifolia) (Carmo et al. 2011;
Tereso et al. 2011).

This region is subject to a wide variety of pressures, such as invasive species, land-use
change (Carmo et al. 2011; De la Fuente and Beck 2018; Vicente et al. 2013), and forest
fires (Alcasena et al. 2021; Carmo et al. 2011; Marcos et al. 2019). Moreover, about 25% of
this territory is classified as areas of conservation value, including several areas integrated
in the Natura 2000 network, such as Montesinho Natural Park, Douro International Natural
Park, Litoral Norte Natural Park, Alvao Natural Park, Tua Valley, Douro Estuary, Serras
do Porto Park, and Corno do Bico, and the only National Park in Portugal, Peneda-Gerés
National Park (ICNF 2017; Vicente et al. 2013).

Sampling and data collection

In order to have an adequate representation of the local environmental and social-economic
conditions in the North of Portugal, we implemented a stratified random sampling scheme
considering a 20x20 km grid across the entire region. For each grid cell, two sampling
sites were randomly selected, one of each forest type [n=127 samples; subdivided into
those dominated by native (n=70 samples) or exotic (n=57 samples) trees], the same
sites were also classified as inside or outside protected areas (protected =38 samples, non-
protected =89 samples) (Fig. 1). The samples were taken in the Autumn, from October to
December 2021.

At each site, a homogeneous soil sample composed of nine soil cores distributed in a
15 m grid pattern was collected from a 30X 30 m square. Soils were collected down to
10 cm depth using a hori-hori knife after removing superficial plant litter. The soil cores
were combined and mixed carefully in a plastic bag, further removing large stones and
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Fig. 1 Effects of protected areas on soil functional biodiversity in the North of Portugal. a Distribution of
the sampling sites (n=127) within protected areas (n=238) and environmentally similar non-protected areas
(n=89); b Box plot representing the standardized edaphoclimatic variables used for comparison between
sampling sites. *p <0.05; **p <0.01; ****p <0.0001
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plant material. A 120 ml plastic container was filled with the sampled soil, transported in a
refrigerated box to the laboratory, and kept at 5 °C for nematode extraction. The remaining
disturbed dry soil sample, weighing about 1 kg, was stored at room temperature, approxi-
mately 23 °C, for physical and chemical analysis. An additional undisturbed soil cylinder
was collected at the centre of the square to assess apparent density. Environmental and
edaphoclimatic variables include, land-use classification, mean annual temperature and
precipitation seasonality (Karger et al. 2017), distance to urbanisation and distance to riv-
ers [Copernicus Land Monitoring Service 2018, European Environment Agency (EEA)],
and soil organic carbon (FAO 2022) (a full list of variables is given in Supplementary
material Table SI).

Quantification of the physico-chemical parameters

For each sampling point, a set of physico-chemical parameters, namely apparent density,
electric conductivity, magnesium, phosphorus, potassium, soil organic carbon, moisture
and pH, was collected. The procedures for collecting undisturbed samples for the determi-
nation of apparent density and porosity followed ISO 11272 and 11274 standards. Organic
matter/organic carbon was determined by digestion with sodium dichromate and ultra-
violet/visible molecular absorption spectrophotometry (Nelson and Sommers 1996; FAO
2020). The pH was determined potentiometrically in a soil:water suspension in the ratio
1:2.5 (m/V). After manually shaking a 1:5 deionised aqueous solution for two hours and
then filtering, the electric conductivity value of fresh samples was quantified using an elec-
trical conductivity meter. Phosphorus (P,05) and Potassium (K,O) contents were deter-
mined using the modified Egner—Riehm method (Egner and Riehm 1960). Phosphorus and
potassium were extracted from a solution of ammonium lactate and acetic acid measured
using colorimetry and flame photometry, respectively. Extractable calcium and magnesium
were quantified by atomic absorption spectrophotometry in ammonium acetate (Pdvoas
and Barral 1992).

Nematode extraction and identification

Nematodes were extracted for 72 h from 100 ml of soil from each sample using the
tray method, an adaptation of the Baermann Funnel (Whitehead and Hemming 1965).
The obtained ca. 300 ml nematode suspension was concentrated by sieving through
a 20 um-pore sieve. All nematodes were counted in a nematode counting dish, and the
first observed 100 identified. When nematode densities exceeded 500 in a given sample,
up to 200 were identified. Nematodes were observed using an inverted microscope (Leica
DMil), from 50x to 200X, classified in trophic groups through their mouth and upper
digestive tract anatomy (Yeates et al 1993), and to family or up to genus level using simpli-
fied keys (Ferris 2011; Goodey 1963; Mai and Mullin 1996; Tarjan et al. 1977). Finally,
nematodes were classified in functional groups (Bongers 1990; Yeates et al. 1993).

Statistical analysis
Nematode taxa abundance was pre-analysed using the NINJA (Nematode Indicator Joint

Analysis) software (Sieriebriennikov et al. 2014) to calculate the Enrichment Index
and the Structure Index (Ferris et al. 2001), and nematode metabolic footprints (Ferris
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2010). The latter included the Enrichment and Structure footprints, and that of each
trophic group (i.e., bacterivores, fungivores, herbivores, omnivores, and predators),
which were plotted on radar charts (Sanchez-Moreno and Ferris 2018). The Enrichment
Index reflects the occurrence of opportunistic nematodes (bacterivorous and fungivo-
rous), indicative of food resource enrichment (fungivorous for more recalcitrant sources
and bacterivorous for more nutrient-rich sources). The Structure Index is based on the
relative abundance of nematodes in higher trophic groups and colonizer-persister lev-
els (Bongers and Bongers 1998), being indicative of soil food web structure and con-
nectance (Ferris et al. 2001). In turn, the metabolic footprints measure the magnitude
of ecosystem functions performed by each nematode functional group, with the Enrich-
ment, Bacterivore and Fungivore footprints assessing the decomposition service, the
Structure, Omnivore and Predator footprints indicating the natural regulation service
and finally, the Herbivore footprint assessing the herbivory disservice (Ferris 2010).
The nematode trophic groups abundance and nematode alpha diversity (richness) was
calculated based on the number of nematodes per 100 g of soil and the number of nema-
tode families or genera per sampled site, respectively. Variables were transformed using
logarithm to normalize the data.

The analyses on the effects of land use and protection on soil nematode abundance,
diversity and footprints were performed in R version 4.0.3 (R Core Team 2020). Due to
the mismatch on the coupling of samples by grid, differing number of samples for each
forest and protection status and heterogeneity of the area, pairs of sites including native
and exotic or protected and non-protected forest areas were randomly selected, assigning
each native site to an environmentally similar exotic site or, in the case of protection status,
each protected site to an environmentally similar non-protected site in 1000 independent
runs (total sites n=127, exotic=57, native =70, protected =38, non-protected=89). The
environmental similarity was quantified as the lowest Mahalanobis distance using the set
of variables: soil organic carbon, precipitation seasonality, electric conductivity, soil mois-
ture, magnesium, phosphorous, distance to urbanisation, apparent density, distance to riv-
ers and mean annual temperature (Smith et al. 2021; Zeiss et al. 2022). To exclude highly
correlated environmental variables, the Variance Inflation Factor (VIF) was used (Fox and
Weisberg 2019). Variables were considered highly correlated if the VIF value was above
5 and eliminated one by one, thus obtaining a shortlist of 24 variables. This was further
shortlisted through the analysis of Spearman correlations between variable pairs. The ones
that were significantly correlated (p <0.05) and with a correlation coefficient larger than
0.5 or smaller than — 0.5, were omitted, thus obtaining a final shortlist of 13 environmental
and edaphoclimatic variables. Soil nematode biodiversity and functions of all pairs were
considered to significantly differ if the mean of p-values of all 1000 runs from the Welch
Two Sample t-test was lower than 0.05 (Zeiss et al. 2022).

Similarity in nematode communities between land use types and protection status was
assessed by means of Bray—Curtis indexes. We performed a Principal Coordinate Analy-
sis (PCoA) based on the Bray—Curtis dissimilarity index, to check for possible differences
in nematode community composition between exotic and native forests, inside or outside
protected areas. Furthermore, a permutational multivariate analysis of variance (PER-
MANOVA) was carried out to see if nematode community composition differed among
the study sites; 9999 permutations were carried out using the adonis function in vegan
(Oksanen et al. 2011). Normalized Mantel tests, based on 9999 permutations, were per-
formed to test the correlation between Bray—Curtis distances and geographic distance,
using the statistical package vegan (Oksanen et al. 2011). Partial Mantel tests (Legendre
and Legendre 1998) were used to estimate the correlation between nematode community

@ Springer



Biodiversity and Conservation (2024) 33:73-89 79

similarity and geographic distance while controlling for the effect of soil physical chemis-
try and environmental conditions.

The influence of the environmental and edaphoclimatic variables, selected with the pre-
vious criteria, on soil nematode trophic groups abundance, was determined by Canonical
Correspondence Analysis (CCA) using the PAST software (Hammer et al. 2001). Signifi-
cance of the CCA axes was assessed through permutation analysis and the contribution to
the ordination of values related to the abundance of nematode trophic groups was assessed
by the obtained correlation values.

Results

Effect of protected areas and forest type on nematode trophic abundance
and diversity

Soils in protected areas had a greater abundance of fungivorous and omnivorous nematodes
than soils in the non-protected areas (Fungivores: Mean protected=1723.38; Mean unpro-
tected=1261.25; p=0.04, 95% CI [0.06; 0.01]; Omnivores: Mean protected=136.99;
Mean unprotected =70.64; p=0.03, 95% CI [0.03; 0.01]) (Fig. 2a). This was not observed
for the abundance of other nematode trophic groups or nematode alpha diversity (rich-
ness), whose values did not differ statistically between the two types of protection sta-
tus, nor according to forest type. However, fungivorous and omnivorous nematodes were
also significantly more abundant in native forest than in exotic forests (Fungivores: Mean
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Fig.2 Box plot representing the abundances of the nematode trophic groups and alpha diversity in a forest
areas inside or outside protected areas, and b forest areas containing native or exotic tree species. *Signifi-
cant difference (p <0.05). Standardized values: Variables values transformed with logarithm for a normal
distribution
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native = 1746.66; Mean exotic=973.22; p=0.001, 95% CI [0.001; 0.0006]; Omnivores:
Mean native=112.93; Mean exotic=62.93; p=0.01, 95% CI [0.02; 0.009]) (Fig. 2b).
Nematode community data is presented in supplementary material Table SII , and nema-
tode parameters data, such as trophic groups abundance, nematode diversity and nematode
footprints are shown in supplementary material Table SIII.

The PCoA plot showed that nematode communities were significantly clustered among
exotic and native forests (R?=0.075, PERMANOVA permutation 9999 times, P <0.001)
and among protected and non-protected forest areas (R>=0.022, PERMANOVA per-
mutation 9999 times, P <0.05) (Fig. 3). Dissimilarity of the nematode communities was
positively correlated with geographic distance (r=0.07, p<0.05). Similarity decays with
geographic distance, however, despite its significance; this correlation is very small, as
indicated by the Mantel test. To determine whether this pattern of increasing dissimilar-
ity with distance was caused by changing soil properties we used partial Mantel Test, that
showed no significant relationship between nematode community composition and soil
properties (r=—0.02, p=0.67).

Effect of protected areas and forest type on nematode footprints

Protected soils had a significantly larger Structure Footprint than non-protected areas
[Structure Footprint: Transformed mean protected=2.31; Transformed mean unpro-
tected=2.11; p=0.04, 95% CI (0.05; 0.01)] (Fig. 4a). The same was observed for native
forests that also had a greater Structure Footprint than exotic forests (Structure Footprint:
Transformed mean native=2.34; Transformed mean exotic=1.96; p=0.002, 95% CI
[0.003; 0.001]) (Fig. 4b). Irrespective of protection status, forests seemed to have larger
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Fig.3 Principal Coordinate Analysis based on Bray—Curtis dissimilarity of soil nematode community
structures in a non-protected and b protected forest areas sites, both separately for exotic and native forests
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Fig. 4 Nematode metabolic footprints as indicators of the magnitude of the ecosystem functions performed
by each nematode functional group for a forest areas inside or outside protected areas, and b forest areas
with native or exotic tree species. *Significant difference (p <0.05) from the Welch Two Sample t-test. Val-
ues were transformed using logarithm for a normal distribution

Fungivore and Omnivore footprints than Herbivory footprint. The Omnivore footprint
showed a significant difference between the two types of protection (Omnivore Footprint:
Transformed mean protected =2.09; Transformed mean unprotected=1.91; p=0.04, 95%
CI [0.04; 0.007]), with forest soil in protected areas having a larger Omnivore Footprint
(Fig. 4a). Nutrient allocation in soil food webs both in native and in exotic forests was
larger in the decomposer food web (i.e., larger metabolic footprints of fungivores and
omnivores) than in the primary production channel (smaller Herbivory Footprint). In addi-
tion, native forests had overall greater nematode metabolic footprints than exotic forests,
except for the Bacterivore, Predator and Herbivore footprints, for which significant differ-
ences were not detected. The metabolic footprint of fungivores was significantly greater in
forest areas dominated by native tree species than in those dominated by exotic tree species
(Fungivore Footprint: Transformed mean native=2.12; Transformed mean exotic=1.81;
p=0.0009, 95% CI [0.001; 0.0005]) (Fig. 4b). The Omnivore Footprint was significantly
greater in native forest areas than in exotic forest areas (Omnivore Footprint: Transformed
mean native=2.10; Transformed mean exotic=1.80; p=0.01, 95% CI [0.01; 0.007])
(Fig. 4b).

Influence of the environmental and edaphoclimatic variables

Canonical Correspondence Analysis (CCA) showed no relationship between environmen-
tal and edaphoclimatic variables with nematode metabolic footprints nor with nematode
taxonomic diversity. However, the environmental variables explained 17% of the variance
in nematode trophic diversity with 12% and 3% explained on axis 1 and axis 2, respec-
tively (Fig. 5 CCA). Considering the significant axis 1 (p=0.02) predatory nematodes
were clearly separated from the other trophic groups. Both predators and omnivores, that
are nematodes closely linked to complex and long food chains, were on the positive side of
the axis, thereby positively associated with soil organic carbon and moisture and negatively
associated with apparent density. The bacterivores, fungivores and herbivores were on the
negative side of the axis, being negatively correlated with soil organic carbon and moisture
and positively associated with apparent density. Furthermore, bacterivores were closer to
the origin of the coordinate system, being thereby less correlated to the environmental vari-
ables. Values of the environmental variables and physico-chemical parameters used in the
CCA are shown in supplementary material Table SIV .
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Discussion

When addressing the effect of nature protection in soil nematode biodiversity and func-
tions, the Structure and Omnivore footprints were found to be significantly different. How-
ever, we found no evidence for differences between the other nematode metabolic foot-
prints in protected compared to non-protected forest areas in the North of Portugal. The
greater Structure and Omnivore footprints in protected areas suggests that these areas
maintain a more stable and complex community structure, with a larger investment in natu-
ral regulation (Ferris et al. 2001; Gao et al. 2020; Tomar and Ahmad 2009). The nematode
alpha diversity did not significantly differ between the protection status, however, since
the Structure and Omnivore footprints were significantly greater in protected areas, a ten-
dency towards positive effects of protected areas in the soil system was apparent. Studies
of the soil biodiversity and function in protected forest areas are scarce and show limited
to no effects of nature conservation on soil biodiversity (Ciobanu et al. 2019; Zeiss et al.
2022). Nematode analyses of Romanian grasslands assigned to Natura 2000, for example,
showed no evidence of significant positive effects of protected areas on soil biodiversity
and functions (Ciobanu et al. 2019); contrary to what we found here, where protected for-
ests showed some significantly positive effects.

Soil nematode functions were affected by forest type. The Fungivore, Omnivore and
Structure footprints were significantly higher in native than in exotic forest areas in the
North of Portugal. Native forests, unlike exotic forests, were shown to have a more com-
plex community structure with more linkages in the food web (Ferris et al. 2001; Gao et al.
2020; Tomar and Ahmad 2009). Low abundances of free-living nematodes may indicate
lower organic matter decomposition and nutrient turnover rates in gum tree plantations in
comparison to natural forests. Exotic forest areas have also been found to have lower nema-
tode abundances in contrast to native forest areas that have higher abundances (Gao et al.
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2020). The lower nematode abundances in exotic tree species may be because gum tree lit-
ter is more persistent and complex to decompose, and releases toxic compounds that inhibit
decomposition, and reduces nutrient availability, supporting fewer nematodes (Zhao et al.
2021a, b).

Studies regarding nematode community dissimilarity have already been carried out for
regional scales and in forest ecosystems, where differences were found between forest types
(Kitagami et al. 2022), and nematode community similarity decayed significantly with geo-
graphic distance (Monroy et al. 2012). Taking into account the PCoA plot, this supports
our results where nematode communities were significantly clustered among exotic and
native forests and among protected and non-protected forest areas, meaning that nematode
communities differed between the two types of forests and protection status. Our results
showed that, nematode communities dissimilarity was positively correlated with geo-
graphic distance, and that the similarity decays with geographic distance, however, despite
its significance; this correlation was very small. This goes in accordance with previous
studies where the same was stated (Monroy et al. 2012). According to our partial mantel
Test, this correlation is highly dependent on soil properties, as when these variables are
taken into account, correlation between community and geographic distance is no longer
significant.

Regarding the environmental factors that may influence nematode community structure,
vegetation and litter inputs appear to be the most influential factors. Aboveground veg-
etation can affect the soil nematode community structure, and therefore the diversity and
composition of plant species can be an important factor in determining the structure of
nematode communities (Kitagami et al. 2017). The quality of litter inputs is a strong deter-
minant of soil community structure. The diversity and composition of the aboveground
plant species were not determined in this study, but our results suggest the percentage of
deciduous forest cover may have influenced nematode community structure and functions.

The variables that mostly influenced or overall affected the soil functional biodiver-
sity were soil organic carbon, apparent density, soil moisture, and deciduous forest cover.
However, they together had a low percentage of variance explained. The influence of these
variables was already documented in various studies considering forest areas (Karuri 2021;
Keith et al. 2009; Zhang et al. 2012), and these low percentages of variance explanation
were also documented by Archidona-Yuste et al. (2020). However, forest areas studies
show higher explanation percentages, approximately 35% (Salamon and Wolters 2009;
Zhang et al. 2012), but still variables explain only in part the nematode community struc-
ture (Salamon and Wolters 2009). An explanation for the lower percentages of variance
explanations of environmental variables analysed may be that a large proportion of the
unexplained variation is driven by features and mechanisms that were not considered, for
example species interactions (Archidona-Yuste et al. 2020), microsite characteristics and
land use management (for instance exotic forests tend to be planted, which involves plough-
ing and terracing soil more frequently than native forest). Thus, effects on microhabitat
structure (Bhusal et al. 2014), temperature, soil structure (Salamon and Wolters 2009), ele-
vation (Kergunteuil et al. 2016) or microbial biomass were previously found to be among
the main factors determining nematode genera distribution (Zhang et al. 2012). We did
not have access to these variables for this analysis, but we expect that they would help
to understand the observed patterns in nematode communities. Further studies addressing
floristic diversity and elevation, for example, are also needed to complement datasets and
possibly increase the proportion of explained variance in this study. This study attempts
to interpret macro-ecological patterns at the regional level, and some factors such as plant
community structure and land-use intensity can affect nematode community structures on a
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regional scale (Liu et al. 2019). Other influences such as habitat destruction, fragmentation,
and increasing population density may also be key driving forces for ecosystem change and
should be minimized to increase forest ecosystem resilience (Leberger et al. 2020; Milad
et al. 2011). Promoting connectivity of forest landscapes and habitat heterogeneity is likely
to promote species survival, as well as changes in their composition and hence forest man-
agement (Milad et al. 2011).

In regard to our first hypothesis, we infer that current conservation measures are hav-
ing few significant effects on these communities. Furthermore, native forests appear to be
more important as a conservation target than exotic ones. Concerning the second objective
of this work, we conclude that current conservation measures still need to be improved to
assure and increase soil biodiversity and function. It is worth mentioning that protected
areas in Portugal include human settlements living as socio-ecological systems, and only
very small areas have restricted activities to forest exploitation, therefore a small influence
of protected areas on nematode abundance and metabolic footprint was expected. Future
research still needs to address species interactions, and to estimate effects at a local scale,
e.g., at a case-by-case analysis.

Planting deciduous native trees as mixed forest species has been reported to improve
adaptation to site conditions and conservation issues (Felton et al. 2016, 2010; Salamon
and Wolters 2009). However, the extent to which ecological, economic, and societal ben-
efits may rise from the conversion of monocultures to mixed forests depends on the tree
species being implemented and the bio-geographical region (Felton et al. 2010). It is not
clear whether turning the gum tree and wattle monocultures into mixed forests using pine
trees would be efficient to improve their environments, as they produce highly recalcitrant
leaf litter (Kondratow et al. 2019). However, given our results, we argue that interplanting
oak trees in exotic and pine tree dominated forests, at a density and distribution to be deter-
mined may possibly increase the ecological and conservation value of these forests. After
the tragic forest wildfires in 2017, some efforts are being done to create incentives for a
native and more resilient forest cover in Portugal (Santos et al. 2019).

Conclusion

Current work done by nature conservation in the North of Portugal is producing significant
effects on the soil system. This highlights the importance of advising nature conservation
policies on the potential positive effects on soil biodiversity and functions. Furthermore,
native forest areas are better suited to ensure soil biodiversity and functions and should
have a greater importance in nature conservation measures. Our study also showed that soil
organic carbon, soil apparent density, soil moisture, and deciduous forest cover were the
variables that mainly influenced or affected the soil functional biodiversity of nematodes.
However, further research is needed to complement, corroborate, or even contradict some
conjectures presented in this study, such as the potential effects of species interactions,
floristic diversity, and local, microsite-level, and heterogeneity. Here, we concluded that
when establishing conservation areas, local soil biodiversity and soil monitoring should be
considered. We present evidence for a better belowground forest conservation suggesting
that turning current monocultures of exotic species and pine trees into mixed forests may
possibly imply significant positive changes to the preservation of soil communities. While
such practices have already been successfully implemented in other regions, for the first
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time, we show their potential consequences for the conservation of soil biodiversity and
function.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10531-023-02732-6.

Acknowledgements We dedicate this paper to the memory of our colleague M. Clara Vieira dos Santos,
who participated in the sampling design and execution.

Author contributions ACD, CAG and SRC contributed to the study conception and design. Material prepa-
ration and data collection were performed by ACD, RPC, SRC and CCS. Data analysis were performed by
ACD, CCD and RZ. The first draft of the manuscript was written by ACD and all authors commented and
edited the manuscript. All authors read and approved the final manuscript.

Funding Open access funding provided by FCTIFCCN (b-on). This work was supported by national
funds through the Portuguese Foundation for Science and Technology, as part of Project SoilRecon
(PTDC/BIA-CBI/2340/2020). Work by ACD, RPC and SRC was supported by the “Contrato-Programa”
UIDB/04050/2020 funded by national funds through the FCT I.P. CAG and RZ acknowledge support of iDiv
funded by the German Research Foundation (DFG FZT 118, 202548816). CC-D is supported by a Post-Doc
Research Scholarship in the context of the FCT funded project with reference BIPD_01_2021_FCT-PTDC/
BIA-CBI1/2340/2020; CC-D acknowledges support from the Centre for Research and Development in Agri-
food Systems and Sustainability (CISAS) with references UIDB/05937/2020 and UIDP/05937/2020, also
funded by FCT national funds. RZ was funded by the German Federal Environmental Foundation (DBU,
20021/752). CC-S is supported by the “Financiamento Programético” UIDP/04050/2020 funded by national
funds through the FCT, L.P.

Data Availability The datasets generated during and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Competing interests The authors have no relevant financial or non-financial interests to disclose.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Alcasena F, Ager A, Le Page Y, Bessa P, Loureiro C, Oliveira T (2021) Assessing wildfire exposure to com-
munities and protected areas in Portugal. Fire 4(4):82. https://doi.org/10.3390/fire4040082

Archidona-Yuste A, Wiegand T, Castillo P, Navas-Cortés JA (2020) Spatial structure and soil properties
shape local community structure of plant-parasitic nematodes in cultivated olive trees in southern
spain. Agr Ecosyst Environ 287:106688. https://doi.org/10.1016/j.agee.2019.106688

Bardgett R, van der Putten W (2014) Belowground biodiversity and ecosystem functioning. Nature
515:505-511. https://doi.org/10.1038/nature 13855

Bhusal DR, Kallimanis AS, Tsiafouli MA, Sgardelis SP (2014) Higher taxa vs. functional guilds vs. trophic
groups as indicators of soil nematode diversity and community structure. Ecol Ind 41:25-29. https://
doi.org/10.1016/j.ecolind.2014.01.019

Bongers T (1990) The maturity index: an ecological measure of environmental disturbance based on nema-
tode species composition. Oecologia 83:14-19

@ Springer


https://doi.org/10.1007/s10531-023-02732-6
https://doi.org/10.1007/s10531-023-02732-6
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/fire4040082
https://doi.org/10.1016/j.agee.2019.106688
https://doi.org/10.1038/nature13855
https://doi.org/10.1016/j.ecolind.2014.01.019
https://doi.org/10.1016/j.ecolind.2014.01.019

86 Biodiversity and Conservation (2024) 33:73-89

Bongers T, Bongers M (1998) Functional diversity of nematodes. Appl Soil Ecol 10(3):239-251

Branquart E, Verheyen K, Latham J (2008) Selection criteria of protected forest areas in Europe: the theory
and the real world. Biol Conserv 141(11):2795-2806. https://doi.org/10.1016/j.biocon.2008.08.015

Brussaard L (1997) Biodiversity and ecosystem functioning in soil. Ambio 26(8):563-570

Carmo M, Moreira F, Casimiro P, Vaz P (2011) Land use and topography influences on wildfire occurrence
in northern Portugal. Landsc Urban Plan 100(1-2):169-176. https://doi.org/10.1016/j.landurbplan.
2010.11.017

Carrer D, Roujean J-L, Meurey C (2010) Comparing operational MSG/SEVIRI land surface albedo prod-
ucts from land SAF with ground measurements and MODIS. IEEE Geosci Remote Sens 48:1714—
1728. https://doi.org/10.1109/TGRS.2009.2034530

Cavard X, Macdonald SE, Bergeron Y, Chen HYH (2011) Importance of mixed woods for biodiversity
conservation: Evidence for understory plants, songbirds, soil fauna, and ectomycorrhizae in north-
ern forests. Environ Rev 19:142-161. https://doi.org/10.1139/a11-004

Ciobanu M, Eisenhauer N, Stoica IA, Cesarz S (2019) Natura 2000 priority and non-priority habitats do
not differ in soil nematode diversity. Appl Soil Ecol 135:166—173. https://doi.org/10.1016/j.apsoil.
2018.12.009

De la Fuente B, Beck PSA (2018) Invasive species may disrupt protected area networks: insights from
the pine wood nematode spread in Portugal. Forests 9(5):282. https://doi.org/10.3390/f9050282

Demissie F, Yeshitela K, Rouleau M, Flaspohler D, Kindu M (2019) Socio-economic importance of for-
est resources and their conservation measures in Ethiopia: the case of area closure in South Gonder
of Ethiopia. Environ Monit Assess 191:7. https://doi.org/10.1007/s10661-019-7569-y

Du Preez G, Daneel M, De Goede R, Du Toit MJ, Ferris H, Fourie H, Geisen S, Kakouli-Duarte T,
Korthals G, Sanchez-Moreno S, Schmidt JH (2022) Nematode-based indices in soil ecology: appli-
cation, utility, and future directions. Soil Biol Biochem 169:108640. https://doi.org/10.1016/j.s0ilb
10.2022.108640

Egner H, Riehm H, Domingo WR (1960) Investigations on the chemical soil analysis as a basis for
assessing the soil nutrient status II: chemical extraction methods for phosphorus and potassium
determination. K Lantbruksakad Ann 26:199-215

Elbakidze M, Angelstam P, Sobolev N et al (2013) Protected area as an indicator of ecological sustain-
ability. A century of development in Europe’s boreal forest. Ambio 42:201-214. https://doi.org/10.
1007/s13280-012-0375-1

European Commission (2012) EU-DEM Version 1. Available from http://epp.eurostat.ec.europa.eu/por-
tal/page/portal/gisco_Geographical_information_maps/introduction and http://www.eea.europa.eu/
data-and-maps/data/eu-dem. Accessed 13 Jan 2022

European Commission (2021) Environment. Retrieved from http://ec.europa.eu/environment/nature/
natura2000/index_en.htm. Accessed 13 Oct 2021

FAO (2020) Standard operating procedure for soil organic carbon. Walkley-Black method: titration and
colorimetric method. Rome

FAO (2021) Standard operating procedure for soil electrical conductivity, soil/water, 1:5. Rome

FAO (2022) Global soil organic carbon map—GSOCmap v.1.6: Technical report. Rome. https://doi.org/
10.4060/cb9015en

Felton A, Lindbladh M, Brunet J, Fritz O (2010) Replacing coniferous monocultures with mixed-spe-
cies production stands: an assessment of the potential benefits for forest biodiversity in northern
Europe. For Ecol Manage 260(6):939-947. https://doi.org/10.1016/j.foreco.2010.06.011

Felton A, Nilsson U, Sonesson J et al (2016) Replacing monocultures with mixed species stands: ecosys-
tem service implications of two production forest alternatives in Sweden. Ambio 45(Suppl 2):124—
139. https://doi.org/10.1007/s13280-015-0749-2

Ferris H (2010) Form and function: metabolic footprints of nematodes in the soil food web. Eur J Soil
Biol 46(2):97-104. https://doi.org/10.1016/j.ejsobi.2010.01.003

Ferris H (2011) Key to families (and subfamilies) of plant and soil nematodes. Rev. 08/03/20. http://
nemaplex.ucdavis.edu/Taxadata/Famkey.htm

Ferris H, Bongers T, de Goede RGM (2001) A framework for soil food web diagnostics: extension of
the nematode faunal analysis concept. Appl Soil Ecol 18(1):13-29. https://doi.org/10.1016/S0929-
1393(01)00152-4

Fox J, Weisberg S (2019) A companion to applied regression, 3rd edition. Sage, Thousand Oaks. https://
socialsciences.mcmaster.ca/jfox/Books/Companion/

Gao D, Wang F, Li J, Yu S, Li Z, Zhao J (2020) Soil nematode communities as indicators of soil health
in different land use types in tropical area. Nematology 22(6):595-610. https://doi.org/10.1163/
15685411-00003325

@ Springer


https://doi.org/10.1016/j.biocon.2008.08.015
https://doi.org/10.1016/j.landurbplan.2010.11.017
https://doi.org/10.1016/j.landurbplan.2010.11.017
https://doi.org/10.1109/TGRS.2009.2034530
https://doi.org/10.1139/a11-004
https://doi.org/10.1016/j.apsoil.2018.12.009
https://doi.org/10.1016/j.apsoil.2018.12.009
https://doi.org/10.3390/f9050282
https://doi.org/10.1007/s10661-019-7569-y
https://doi.org/10.1016/j.soilbio.2022.108640
https://doi.org/10.1016/j.soilbio.2022.108640
https://doi.org/10.1007/s13280-012-0375-1
https://doi.org/10.1007/s13280-012-0375-1
http://epp.eurostat.ec.europa.eu/portal/page/portal/gisco_Geographical_information_maps/introduction
http://epp.eurostat.ec.europa.eu/portal/page/portal/gisco_Geographical_information_maps/introduction
http://www.eea.europa.eu/data-and-maps/data/eu-dem
http://www.eea.europa.eu/data-and-maps/data/eu-dem
http://ec.europa.eu/environment/nature/natura2000/index_en.htm
http://ec.europa.eu/environment/nature/natura2000/index_en.htm
https://doi.org/10.4060/cb9015en
https://doi.org/10.4060/cb9015en
https://doi.org/10.1016/j.foreco.2010.06.011
https://doi.org/10.1007/s13280-015-0749-2
https://doi.org/10.1016/j.ejsobi.2010.01.003
http://nemaplex.ucdavis.edu/Taxadata/Famkey.htm
http://nemaplex.ucdavis.edu/Taxadata/Famkey.htm
https://doi.org/10.1016/S0929-1393(01)00152-4
https://doi.org/10.1016/S0929-1393(01)00152-4
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://doi.org/10.1163/15685411-00003325
https://doi.org/10.1163/15685411-00003325

Biodiversity and Conservation (2024) 33:73-89 87

Gaston KJ et al (2008) The ecological performance of protected areas. Annu Rev Ecol Evol Syst https://
doi.org/10.1146/annurev.ecolsys.39.110707.173529

Gessner MO, Swan CM, Dang CK, McKie BG, Bardgett RD, Wall DH, Hittenschwiler S (2010) Diversity
meets decomposition. Trends Ecol Evol 25(6):372-380. https://doi.org/10.1016/j.tree.2010.01.010

Goodey T (1963) Soil and freshwater nematodes: a monograph. Rewritten by J.B. Goodey. Methuen &
Co. Ltd, London

Guerra CA, Delgado-Baquerizo M, Duarte E et al (2021a) Global projections of the soil microbiome in
the anthropocene. Global Ecol Biogeogr 30:987-999. https://doi.org/10.1111/geb.13273

Guerra CA et al (2021b) Tracking, targeting, and conserving soil biodiversity. Science 371:6526

Guerra CA, Berdugo M, Eldridge DJ et al (2022) Global hotspots for soil nature conservation. Nature
610:693-698. https://doi.org/10.1038/s41586-022-05292-x

Hammer O, Harper D, Ryan P (2001) PAST: paleontological statistics software package for education
and data analysis. Palaeontol Electron 4:1-9

Havlicek E (2012) Soil biodiversity and bioindication: from complex thinking to simple acting. Eur J
Soil Biol 49(80-84):1164-5563. https://doi.org/10.1016/j.ejsobi.2012.01.009

ICNF - instituto da conservagdo da natureza e das florestas (2017) Areas Protegidas. https://icnf.pt/.
Accessed 10 Nov 2021

Jackson MC (1967) Soil chemical analysis. Prentice Hall of India Private Limited, New Delhi

Karger D, Conrad O, Bohner J, Kawohl T, Kreft H, Soria-Auza R, Zimmermann N, Linder P, Kessler M
(2017) Climatologies at high resolution for the Earth land surface areas. Sci Data 4:170122. https://
doi.org/10.1038/sdata.2017.122

Karuri H (2021) Nematode community structure and functional guilds differ in tea fields and tropical
forest. Geoderma 392:115006. https://doi.org/10.1016/j.geoderma.2021.115006

Keith AM, Brooker RW, Osler GHR, Chapman SJ, Burslem DFRP, van der Wal R (2009) Strong
impacts of below ground tree inputs on soil nematode trophic composition. Soil Biol Biochem
41:1060-1065

Kergunteuil A, Campos-Herrera R, Sanchez-Moreno S, Vittoz P, Rasmann S (2016) The abundance,
diversity, and metabolic footprint of soil nematodes is highest in high elevation alpine grasslands.
Front Ecol Evol 4:84. https://doi.org/10.3389/fevo.2016.00084

Kitagami Y, Kanzaki N, Matsuda Y (2017) Distribution and community structure of soil nematodes
in coastal Japanese pine forests were shaped by harsh environmental conditions. Appl Soil Ecol
119:91-98. https://doi.org/10.1016/j.aps0il.2017.05.030

Kitagami Y, Obase K, Chen C, Matsuda Y (2022) Effects of climatic and edaphic conditions on structur-
ing patterns of soil nematode communities in Japanese cedar (Cryptomeria japonica) plantations.
For Ecol Manage 524:120518. https://doi.org/10.1016/j.foreco.2022.120518

Kondratow F, Chauvin C, Villenave C et al (2019) Nematode communities after the reintroduction
of silver fir in beech-dominated forests. Eur J For Res 138:957-965. https://doi.org/10.1007/
$10342-019-01216-z

Kremen C (2005) Managing ecosystem services: what do we need to know about their ecology? Ecol
Lett 8(5):468-479. https://doi.org/10.1111/j.1461-0248.2005.00751.x

Leberger R, Rosa IMD, Guerra CA, Wolf F, Pereira HM (2020) Global patterns of forest loss across
IUCN categories of protected areas. Biol Conserv 241:108299. https://doi.org/10.1016/j.biocon.
2019.108299

Legendre P, Legendre L (1998) Numerical ecology. Elsevier, Amsterdam

Liu T, Hu F, Li H (2019) Spatial ecology of soil nematodes: perspectives from global to micro scales.
Soil Biol Biochem 137:107565. https://doi.org/10.1016/j.50ilbi0.2019.107565

Lubchenco J, Palumbi SR, Gaines SD, Andelman S (2003) Plugging a hole in the ocean: the emerging
science of marine reserves. Ecol Appl 13:3-7

Mai W, Mullin P, Lyon H, Loeffler K (1996) Plant-parasitic nematodes a pictorial key to genera. Cornell
University Press, London

Marcos B, Gongalves J, Alcaraz-Segura D, Cunha M, Honrado JP (2019) Improving the detection of
wildfire disturbances in space and time based on indicators extracted from MODIS data: a case
study in northern Portugal. Int J Appl Earth Obs Geoinf 78:77-85

Milad M, Schaich H, Biirgi M, Konold W (2011) Climate change and nature conservation in Cen-
tral European forests: a review of consequences, concepts and challenges. For Ecol Manage
261(4):829-843. https://doi.org/10.1016/j.foreco.2010.10.038

Monroy F, van der Putten WH, Yergeau E, Mortimer SR, Duyts H, Bezemer TM (2012) Community pat-
terns of soil bacteria and nematodes in relation to geographic distance. Soil Biol Biochem 45:1-7.
https://doi.org/10.1016/j.s0ilbio.2011.10.006

@ Springer


https://doi.org/10.1146/annurev.ecolsys.39.110707.173529
https://doi.org/10.1146/annurev.ecolsys.39.110707.173529
https://doi.org/10.1016/j.tree.2010.01.010
https://doi.org/10.1111/geb.13273
https://doi.org/10.1038/s41586-022-05292-x
https://doi.org/10.1016/j.ejsobi.2012.01.009
https://icnf.pt/
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1016/j.geoderma.2021.115006
https://doi.org/10.3389/fevo.2016.00084
https://doi.org/10.1016/j.apsoil.2017.05.030
https://doi.org/10.1016/j.foreco.2022.120518
https://doi.org/10.1007/s10342-019-01216-z
https://doi.org/10.1007/s10342-019-01216-z
https://doi.org/10.1111/j.1461-0248.2005.00751.x
https://doi.org/10.1016/j.biocon.2019.108299
https://doi.org/10.1016/j.biocon.2019.108299
https://doi.org/10.1016/j.soilbio.2019.107565
https://doi.org/10.1016/j.foreco.2010.10.038
https://doi.org/10.1016/j.soilbio.2011.10.006

88 Biodiversity and Conservation (2024) 33:73-89

Nelson DW, Sommers LE (1996) Total carbon, organic carbon and organic matter. In: Bartels JM et al
(eds) Methods of soil analysis: part 3 chemical methods, 3rd edn. SSSA Book Series, Madison, pp
961-1010. https://doi.org/10.2136/sssabookser5.3.c34

Oksanen J, Blanchet FG, Kindt R, Legendre P, O’Hara RB, Simpson GL, Solymos P, Stevens MHH,
Wagner H (2011) Vegan: community ecology package. R Package Version 1.17-9. http://CRAN.R-
project.org/packageavegan

Parker SS (2010) Buried treasure: soil biodiversity and conservation. Biodivers Conserv 19:3743-3756.
https://doi.org/10.1007/s10531-010-9924-8

Postel SL, Thompson BH (2005) Watershed protection: capturing the benefits of nature’s water supply
services. Nat Res Forum 29:98-108

Pévoas I, Barral MF (1992) Métodos de Analise de Solos. Comun. IICT, Série Ciéncias Agrérias 10.
Instituto de Investigagdo Cientifica Tropical, Lisboa

Raina SK, Kioko E, Zethner O, Wren S (2011) Forest habitat conservation in Africa using com-
mercially important insects. Ann Rev Entomol. 56(1):465-485. https://doi.org/10.1146/annur
ev-ento-120709-144805

R Core Team (2020) R: A language and environment for statistical computing. R Foundation for Statisti-
cal Computing, Vienna. https://www.R-project.org/

Ruan H, Li Y, Zou X (2005) Soil communities and plant litter decomposition as influenced by forest
debris: variation across tropical riparian and upland sites. Pedobiologia 49(6):529-538. https://doi.
org/10.1016/j.pedobi.2005.08.001

Salamon JA, Wolters V (2009) Nematoda response to forest conversion. Eur J Soil Biol 45(2):184-191.
https://doi.org/10.1016/j.ejsobi.2008.09.014

Séanchez-Moreno S, Ferris H (2018) Nematode ecology and soil health. In: Sikora RA, Coyne D, Hall-
mann J, Timper P (eds) Plant parasitic nematodes in subtropical and tropical agriculture. CAB
International, London, pp 62-83

Santos R, Antunes P, Carvalho C, Aragdo A (2019) Nova Politica para a Provisdo e Remuneragdo de
Servigos dos Ecossistemas em Espacos Rurais — o Problema, a Politica e a Implementagdo. CENSE
— Centro de Investigacdo em Ambiente e Sustentabilidade, FCT- Universidade NOVA de Lisboa e
Faculdade de Direito da Universidade de Coimbra. Fundo Ambiental, Ministério do Ambiente e
Transicdo Energética, Lisboa

Scharlemann JP et al (2010) Securing tropical forest carbon: the contribution of protected areas to
REDD. Oryx 44:352-357

Sieriebriennikov B, Ferris H, de Goede RGM (2014) NINJA: an automated calculation system for nema-
tode-based biological monitoring. Eur J Soil Biol 61:90-93

Silva J, Ferris H, Cares J, Esteves A (2021) Effect of land use and seasonality on nematode faunal struc-
ture and ecosystem functions in the Caatinga dry forest. Eur J Soil Biol 103(103296):1164-5563.
https://doi.org/10.1016/j.ejsobi.2021.103296

Smith LC, Orgiazzi A, Eisenhauer N, Cesarz S, Lochner A, Jones A, Bastida F, Patoine G, Reitz T,
Buscot F, Rillig MC, Heintz-Buschart A, Lehmann A, Guerra CA, Waring BG (2021) Large-scale
drivers of relationships between soil microbial properties and organic carbon across Europe. Glob
Ecol Biogeogr 30(10):2070-2080

Soares-Filho B et al (2010) Role of brazilian amazon protected areas in climate change mitigation. Proc
Natl Acad Sci USA 107:10821-10826

Tarjan AC, Esser RP, Chang SL (1977) Interactive diagnostic key to plant parasitic, free-living and pre-
daceous nematodes. UNL Nematol Lab 49:2318-2337

Tereso JP, Honrado JP, Pinto AT, Rego FC (eds) (2011) Florestas do norte de Portugal: histdria, ecologia
e desafios de gestdo. InBio - Rede de Investiga¢do em Biodiversidade e Biologia Evolutiva, Porto

Tomar VVS, Ahmad W (2009) Food web diagnostics and functional diversity of soil inhabit-
ing nematodes in a natural woodland. Helminthologia 46:183—-189. https://doi.org/10.2478/
s11687-009-0034-7

Van den Hoogen J, Geisen S, Routh D et al (2019) Soil nematode abundance and functional group com-
position at a global scale. Nature 572:194—198. https://doi.org/10.1038/s41586-019-1418-6

Van der Putten WH, Bardgett RD, Bever JD et al (2013) Plant-soil feedbacks: the past, the present and
future challenges. J Ecol 101:265-276

Van der Putten WH, Bradford MA, Brinkman EP, van de Voorde TFJ, Veen GF (2016) Where, when and
how plant-soil feedback matters in a changing world. Funct Ecol 30:1109-1121

Vicente JR, Fernandes RF, Randin CF, Broennimann O, Gongalves J, Marcos B et al (2013) Will climate
change drive alien invasive plants into areas of high protection value? An improved model-based
regional assessment to prioritise the management of invasions. J Environ Manage 131:185-195

@ Springer


https://doi.org/10.2136/sssabookser5.3.c34
http://CRAN.R-project.org/package¼vegan
http://CRAN.R-project.org/package¼vegan
https://doi.org/10.1007/s10531-010-9924-8
https://doi.org/10.1146/annurev-ento-120709-144805
https://doi.org/10.1146/annurev-ento-120709-144805
https://www.R-project.org/
https://doi.org/10.1016/j.pedobi.2005.08.001
https://doi.org/10.1016/j.pedobi.2005.08.001
https://doi.org/10.1016/j.ejsobi.2008.09.014
https://doi.org/10.1016/j.ejsobi.2021.103296
https://doi.org/10.2478/s11687-009-0034-7
https://doi.org/10.2478/s11687-009-0034-7
https://doi.org/10.1038/s41586-019-1418-6

Biodiversity and Conservation (2024) 33:73-89 89

Watson J, Dudley N, Segan D et al (2014) The performance and potential of protected areas. Nature
515:67-73. https://doi.org/10.1038/nature 13947

Whitehead AG, Hemming JR (1965) A comparison of some quantitative methods of extracting small
vermiform nematodes from soil. Ann Appl Biol 55:25-38

Yeates GW (2003) Nematodes as soil indicators: functional and biodiversity aspects. Biol Fertil Soils
37:199-210. https://doi.org/10.1007/s00374-003-0586-5

Yeates GW, Bongers T, de Goede RGM, Freckman DW, Georgieva SS (1993) Feeding habits in nema-
tode families and genera an outline for soil ecologists. J] Nemat 25:315-331

Yin H, Su Y, Liu S, Li X, Li X, Fan C, Guan P, Xie Z, Wang S, Scheu S, Krashevska V (2022) Con-
sistent response of nematode communities to management of coniferous plantations. For Ecosyst
9:100045. https://doi.org/10.1016/j.fecs.2022.100045

Zeiss R, Eisenhauer N, Orgiazzi A, Rillig MC, Buscot F, Jones A et al (2022) Effect on nature conserva-
tion areas on soil functioning. figshare. Software. https://doi.org/10.6084/m9.figshare.19714597.v1

Zhang M, Liang WIJ, Zhang X (2012) Soil nematode abundance and diversity in different forest types at
Changbai mountain. China Zool Studies 51(5):619-626

Zhang X, Guan P, Wang Y, Li Q, Zhang S, Zhang Z, Bezemer TM, Liang W (2015) Community composi-
tion, diversity and metabolic footprints of soil nematodes in differently aged temperate forests. Soil
Biol Biochem 80:118-126

Zhao C, Guo E, Shao Y, Zhang W, Zhang C, Liu Y, Li Y, Zou X, Fu S (2021a) Impacts of litter addition
and root presence on soil nematode community structure in a young eucalyptus plantation in southern
China. For Ecol Manage 479:118633. https://doi.org/10.1016/j.foreco.2020.118633

Zhao C, Li Y, Zhang C et al (2021b) Considerable impacts of litter inputs on soil nematode community com-
position in a young plantation. Soil Ecol Lett 3:145-155. https://doi.org/10.1007/s42832-021-0085-3

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Authors and Affiliations

A. Carolina Duarte'® . Carlos A. Guerra>3® . Concha Cano-Diaz*®
Romy Zeiss>3® - Claudia Carvalho-Santos'5® - Rui P. Carvalho'® - Sofia R. Costa’

P< Sofia R. Costa
sofia.costa@bio.uminho.pt

CBMA - Centre of Molecular and Environmental Biology, Biology Department, University
of Minho, Campus de Gualtar, 4710-045 Braga, Portugal

German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig, Puschstr. 4,
04103 Leipzig, Germany

Institute of Biology, Leipzig University, Puschstr. 4, 04103 Leipzig, Germany

Polytechnic Institute of Viana Do Castelo, Praga General Barbosa 44, 4900-347 Viana Do Castelo,
Portugal

CISAS - Centre for Research and Development in Agrifood Systems and Sustainability,
Polytechnic Institute of Viana Do Castelo, Rua Escola Industrial E Comercial Nun’Alvares, 34,
4900-347 Viana Do Castelo, Portugal

Institute for Biosustainability (IB-S), University of Minho, Campus de Gualtar, 4710-045 Braga,
Portugal

@ Springer


https://doi.org/10.1038/nature13947
https://doi.org/10.1007/s00374-003-0586-5
https://doi.org/10.1016/j.fecs.2022.100045
https://doi.org/10.6084/m9.figshare.19714597.v1
https://doi.org/10.1016/j.foreco.2020.118633
https://doi.org/10.1007/s42832-021-0085-3
http://orcid.org/0009-0006-9678-8315
http://orcid.org/0000-0003-4917-2105
http://orcid.org/0000-0001-6948-6553
http://orcid.org/0000-0001-8862-9185
http://orcid.org/0000-0003-1841-209X
http://orcid.org/0000-0003-0500-2200
http://orcid.org/0000-0003-0100-1518

	Effects of protected areas on soil nematode communities in forests of the North of Portugal
	Abstract
	Introduction
	Material and methods
	Study area
	Sampling and data collection
	Quantification of the physico-chemical parameters
	Nematode extraction and identification
	Statistical analysis

	Results
	Effect of protected areas and forest type on nematode trophic abundance and diversity
	Effect of protected areas and forest type on nematode footprints
	Influence of the environmental and edaphoclimatic variables

	Discussion
	Conclusion
	Acknowledgements 
	References




