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Abstract
Ancestral adaptations to warm and humid climates drive the biogeographical and macroecological
patterns of numerous multicellular organisms. Recent evidence suggests that this niche conservatism
may also be shaping broad-scale diversity patterns of soil unicellular organisms, although empirical
evidence is limited to Acidobacteria and testate amoebae. Herein, we tested the predictions of this
hypothesis for ve major soil protist groups (Bacillariophyta, Cercomonadida, Ciliophora, Euglyphida and
Kinetoplastida), separately, as well as combined, along an elevational gradient in Switzerland. We found
support for the predictions of this hypothesis in all protist groups, including decreasing diversity and
increasing geographical ranges towards high and cold elevations (Rapoport effect); correlations between
diversity and temperature (species-energy effect); and communities phylogenetically structured by
competition (phylogenetic overdispersion) at warm-humid sites and habitat ltering (phylogenetic
clustering) at cold-humid sites. Mid-domain null models con rmed that these ndings were not the result
of stochastic processes. Our results therefore suggest that soil protists exhibit evolutionary constraints to
warm and humid climates, probably linked to an ancestral adaptation to (sub)tropical-like environments,
which limits their survival in exceedingly cold sites. This niche conservatism possibly drives their
biogeographical and macroecological patterns both at the local (e.g., temperature, humidity gradients
along elevation gradients) and more global (e.g., latitudinal gradients) spatial scales.

Introduction
Biological diversity varies over spatial gradients, giving rise to biogeographical and macroecological
diversity patterns [1]. Diversity patterns are considered to result from a combination of ecological
processes (e.g., habitat ltering, competition) and historical contingencies (e.g., climatic stability,
diversi cation), which together in uence the spatial variation in speciation, extinction and dispersal rates
[2].
Phylogenetic niche conservatism (PNC) is a holistic, parsimonious and increasingly accepted hypothesis
that integrates the processes involved in the formation of diversity patterns. This hypothesis proposes
that taxa retain their ecophysiological traits (e.g., thermal tolerance) over evolutionary time and that,
therefore, they tend to remain in environments that exhibit the abiotic conditions within which they
evolved [3]. This evolutionary trend has been proposed to explain why most modern taxa fail to disperse
into new environments, offering an underlying explanation to the diversity patterns that we observe today
in nature [4–6].
The PNC offers testable predictions that together can shed light on the relative role played by ecological
processes and historical contingencies in shaping diversity patterns. The basic prediction of this
hypothesis is that diversity will peak in warm and moist (optimal) sites [7, 8], because they mirror the
tropical-like environmental conditions within which most modern plants and animals originated [9].
Accordingly, this hypothesis also predicts that diversity will decline towards exceedingly hot or cold
(suboptimal) sites because the ancestral adaptation of modern taxa to moist (sub)tropical-like
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environments imposes a strong constraint on their ability to tolerate extremely high or low temperatures
[3]. Others predictions of the PNC include a positive correlation between diversity and temperature [4, 5, 7],
an increase in the size of taxa distribution ranges towards the colder end of an environmental gradient
[10, 11], giving place to a macroecological pattern known as the Rapoport effect [12]; and local
communities structured by competition in warm sites and structured by habitat ltering in cold sites [3,
13].
These predictions have been extensively tested in multicellular organisms, proving useful to explain their
diversity patterns in terms of both ecological processes and historical contingencies (e.g., [4–7]). By
contrast, these predictions have been investigated in few studies dealing with unicellular organisms,
including bacteria (e.g., [8, 14, 15]) and protists such as testate amoebae [11]. Thus, many
biogeographical and macroecological generalizations proposed for plants and animals have not yet been
su ciently tested for microorganisms. Accordingly, we still do not know whether multicellular and
unicellular diversity patterns are produced and maintained by similar processes [16, 17]. This gap in
knowledge is even more serious for free-living soil eukaryotic microorganisms (soil protists), since most
research on microbial biogeography and macroecology has been traditionally conducted on prokaryotes,
fungi or aquatic protists [18]. Unravelling the processes that originate and maintain the spatial
distribution of soil protist diversity could therefore contribute to lling gaps in knowledge and to the
construction of ecological and evolutionary generalization for all forms of life on Earth.
Soil protists represent a good model to test the predictions of the PNC hypothesis. Research suggests
that, just like several groups of plants and animals, they also seem to retain their ecophysiological traits
over evolutionary time [11, 19]. Particularly, it appears that their current need for warm and humid
climates is well-rooted in their evolutionary history. While the origin of the rst eukaryotic microorganisms
probably dates back to the Proterozoic (e.g., [20]), fossil evidence available (e.g., [21, 22]), and time
estimates from molecular clock studies (e.g., [23, 24], suggest that at least some extant terrestrial (soil)
protist taxa evolved under the warm and humid terrestrial environments that characterized much of the
Mesozoic [9]. The climatic conditions under which they possibly evolved seem to have imposed
evolutionary constraints on their ability to adapt to regions with exceedingly hot or cold temperatures,
thus in uencing their current diversity patterns, performance and tness. Indeed, nowadays, soil protists
exhibit peaks of diversity in warm and humid environments, such as temperate and tropical rain forests
[25, 26] and declines in diversity towards hot [27] and cold [28] deserts. Soil protist biogeography is
usually predicted either by temperature [26], water [29] or both variables (a water-energy balance, [11]).
Experimental evidence also shows that soil protists exhibit higher performance and tness (e.g., they
have high survival, growth and reproductive rates) at warm (ca. 18 and 24 °C) than at exceedingly cold or
hot temperatures (e.g., [30, 31]). Taken together, these facts suggest that most of them lack the necessary
ecophysiological adaptations to survive and reproduce in exceedingly cold or hot environments. Probably,
the retention of their ancestral adaptation to warm and humid climates imposes strong constraints on
their ability to colonize sites with extreme temperatures and drives their current biogeographical and
macroecological patterns on Earth.
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Herein, we tested the predictions of the PNC hypothesis for the elevational diversity gradient (see Table 1)
on ve major soil protist groups: Bacillariophyta, Cercomonadida, Ciliophora, Euglyphida, Kinetoplastida
and a group combining all these taxa (i.e., “the soil protist group”). To do so, we used a high-throughput
sequencing approach to test for correlations between their richness, elevation and temperature (plus other
environmental variables); as well as to investigate their elevational patterns in range distribution and
phylogenetic community structure along a humid but increasingly cold elevational gradient of beech
forests in Switzerland. We selected the above-mentioned soil protist taxa because (1) they are frequent
and diverse in soils, (2) they have different life history strategies and functional roles, and (3) they are
well distributed across the eukaryotic tree (Geisen et al. 2018). Our rationale behind that choice was to be
able to generalize conclusions to as many soil eukaryotes as possible.

Material And Methods
Study Site and Sampling Strategy
We collected soil samples in ten permanent plots of the Swiss Biodiversity Monitoring program BDM
(http://www.biodiversitymonitoring.ch/en/home.html). The plots were selected in beech forests (Fagus
sylvatica L.) which are among the few natural beech-dominated forests remaining in Europe [32]. The
plots are distributed across Western Switzerland and range from 458 to 1,308 m a.s.l. (Fig. 1). The
climate of the study area is maritime temperate with an average annual precipitation and temperature of
1,200 mm and 8.3 °C, respectively [32].
At each forest, we randomly collected three soil cores at a depth and diameter of 5 cm at the periphery of
the area used for repeated vegetation survey as part of the BDM monitoring program. The three cores
were then pooled to obtain a representative soil sample of the site. The samples were kept cool during
transport and DNA was extracted in the laboratory immediately after sampling.
Characterization of Soil Protist Communities
DNA extraction, PCR, sequencing (Illumina, targeting the SSU rRNA gene V9 region of eukaryotes) and
subsequent taxonomic assignment of the obtained reads followed [17] (as described in Appendix S1). We
randomly subsampled 50,000 reads from each site to account for unequal sample sizes between soil
protist communities. From these subsamples, we selected those assigned to Bacillariophyta,
Cercomonadida, Ciliophora, Euglyphida and Kinetoplastida. We also combined all the reads assigned to
the abovementioned taxa into a group herein referred to as the “soil protist group”. Species accumulation
curves con rmed that sampling effort and sequencing covering were enough to record a signi cant
proportion of the total OTU richness found at each sampling site (Appendix S1: Fig. S1). We de ned a
community as all OTUs originating from a single beech forest sample. The taxonomic richness within
each community was calculated as the total number of OTUs within each community. This diversity
metric was correlated to phylogenetic diversity (Appendix S1: Fig. S2).
Assessment of the Predictions of the PNC Hypothesis
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Table 1 summarises predictions that can be drawn and test from the PNC, which proposes that climatic
conditions within which a taxon evolved (i.e. warm and humid conditions for most modern taxa) should
be conserved in the present [3]. These predictions stem from biogeographical and macroecological
mechanisms that once were independently proposed to explain the occurrence of biodiversity patterns.
These predictions are valid for temperate elevational gradients, which often exhibit increasing
precipitation and decreasing temperature with elevation [33].
Species-energy Effect
This mechanism predicts correlations between temperature and biological diversity [34]. At the study site
temperature decreases and precipitation increases with elevation [31, 35]. It is thus expected that soil
protist diversity will decrease with elevation (Prediction 1.1.1.) and show a positive relationship with
temperature (Prediction 1.1.2.). To test these predictions, we standardised OTU richness (as described in
Appendix 2) to avoid sampling biases introduced here by the unequal distribution shown by the beech
forests sampled along the elevational gradient investigated. Then, we estimated the average annual
temperature based on the average annual temperature reported for the lowest sampling site (10 °C, [35])
and assuming a moist adiabatic lapse rate of 0.6 °C for each 100-m increase in elevation [33]. Finally, we
constructed linear and quadratic models using richness as response variable and both the elevation and
the average annual temperature as descriptor variables. The best- tting model was selected based on the
Akaike’s information criterion (AIC) for each model. We also assessed the role played by other
environmental variables, such as humidity, pH, humus content, etc. (as measured by Landolt’s indicator
values). However, we did not record any correlation between these variables and richness (Appendix S3).
Elevational Ranges of Distribution
Climate becomes harsher with altitude, and thus habitat ltering plays a major role in the distribution of
diversity on mountainsides [7]. If soil protists have evolutionary constraints to adapt to cold climates, we
predict that they will exhibit a Rapoport effect [12]; i.e., their distribution ranges will become broader with
elevation because colder temperatures at higher sites will select a few eurythermal taxa with high
dispersal capability towards the mountaintop (Prediction 2.1.1.). By contrast, if thermal constraints (and
thus habitat ltering) do not drive soil protists distribution in the humid but increasingly cold elevational
gradient studied, we predict that they will exhibit a mid-domain effect [36]; i.e., their distribution ranges
will be randomly distributed within the lower and upper (hard) limits of the elevational gradient studied
resulting in a unimodal diversity gradient (Prediction 2.1.2.). The Rapoport effect was tested using
Pearson’s correlations to assess the relationship between the mean elevational range size of all OTUs cooccurring in the same forest site and elevation. The unimodal diversity curve predicted by the mid-domain
effect and its con dence intervals were computed using the Mid-Domain Null program [7] based on
50,000 Monte Carlo simulations sampled without replacement from empirical taxa-range-size
distributions.
Niche-based Processes
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We also explored the existence of a constrained evolutionary response to temperature by assessing the
role of biotic interactions and habitat ltering in community structuring. If soil protists do not have a
constrained evolutionary response to cold temperatures, then their communities will be structured by
biotic interactions and composed by distantly related taxa in the study site (phylogenetic overdispersion,
Prediction 3.1.1.). By contrast, if they cannot cope with decreasing temperature, then their communities
will be structured by habitat ltering, since cold temperatures will only favour the occurrence of closely
related taxa with broad thermal tolerances (phylogenetic clustering, Prediction 3.2.1.). The existence of
phylogenetic overdispersion/clustering was tested using the standardised version of both the mean
pairwise distance and the mean nearest taxon distance indices (i.e., –NRI and –NTI, respectively) [37].
Negative values of these indices denote phylogenetic clustering, whereas positive values indicate
phylogenetic overdispersion. Both indices were computed using the R package picante [37] against a trial
swap null model (999,000 swaps).

Results
Cercomonadida (373 OTUs: 12,437 reads) and Ciliophora (582 OTUs: 15,599 reads) were the most
diverse and abundant heterotrophic taxa at each forest site, followed by Kinetoplastida (223 OTUs:
10,377 reads) and Euglyphida (157 OTUs: 8,058 reads). The phototrophic taxon Bacillariophyta was the
less diverse and abundant (78 OTUs: 923 reads) (Appendix S1: Fig. S3). So, the taxon combining all these
taxa (i.e., the soil protist group) represented 1,413 OTUs and 47,394 reads along the elevational gradient
(Appendix S4).
Species-energy Effect
The diversity of all taxa showed a negative correlation with elevation and a positive correlation with
average annual temperature (Table 2), supporting the expectations of the species-energy effect
(Predictions 1.1.1. and 1.1.2.).
Elevational Ranges of Distribution
The size of the mean elevational range of all taxa exhibited a positive correlation with elevation,
conforming to a Rapoport effect (Fig. 2, Prediction 2.1.1.). We did not nd support for a mid-domain
effect (Fig. 3, Prediction 2.2.1.). This outcome con rmed the role of habitat ltering in structuring soil
protist communities along the elevational gradient investigated.
Niche-based Processes
The assessment of the phylogenetic structure within communities yielded different results among taxa
(Fig. 4). The soil protist group exhibited local communities of both distantly and closely related taxa over
the elevational gradient. This outcome did not support any of the predictions proposed (see Table 1).
However, Bacillariophyta only exhibited local communities of distantly related taxa, which agreed with
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prediction 3.1.1. The remaining taxa were represented by local communities of closely related taxa in the
study site. This result supported prediction 3.2.1.

Discussion
Previous research (e.g., [26, 29, 38] and the present study support the idea that soil protist diversity
increases at warm (and humid) sites. However, the novelty of our study is that we also provide evidence
supporting the idea that this temperature-diversity relationship (or species-energy effect) might have an
evolutionary origin rooted in the conservatism of ancestral regimes rather than on present-day thermal
conditions. Here, we explored the phylogenetic signal for this thermal niche conservatism among
distantly related soil protists by also assessing their elevational patterns in range-size distributions and
their within-community phylogenetic structure over an elevational gradient.
In our study, average annual temperature was identi ed as the main driver of the decline in soil protist
diversity with increasing elevation. This result was consistent with a species-energy effect, a climatically
based mechanism proposed to explain the occurrence of diversity patterns in nature [34]. The speciesenergy effect often proposes temperature as a proxy of ambient energy and as the main driver of
biodiversity patterns [34]. That prediction is true in places where temperature is at or below the tolerance
range for life [39], such as on the way to mountaintops [7]. In mountain slopes, temperature decreases
~0.6 °C for each 100-m increase in elevation [33], a trend that also applies to the elevational gradient
studied herein. Since our lowest and warmest sampling site exhibits an average annual temperature of 10
°C [35], a temperature value that is already below the thermal optimum for most protists [30, 31, 40], it is
obvious that environmental conditions, including temperature, become harsher for soil protists towards
the top of the elevational gradient investigated despite the increase in precipitation along the gradient.
The abovementioned species-energy effect (as measured by the average annual temperature) does not
prevent site-speci c (local) abiotic factors to shape soil protist diversity. Indeed, soil protist diversity has
been shown to vary in relation to nutrient availability, pH and conductivity, among others local abiotic
factors [18]. However, these factors seem to be more relevant at ne spatial scales, or microbial cultures
[41, 42]. By contrast, climatic conditions seem to explain better the diversity patterns at broad-spatial
scales, which are relevant for soil protist biogeography and macroecology [11, 17, 26, 29]. In fact, local
abiotic factors often lose power to predict diversity patterns at increasing spatial scales [1]. This is mainly
because the factors in uencing diversity gradients are scale dependent, and thus, explanations vary with
the spatial scope of the analysis (extent) and with sample resolution (grain) [43]. Also, climatic conditions
ultimately regulate local abiotic conditions, explaining why climate often arises as the main driver of
biogeographical and macroecological patterns of eukaryotic organisms [1], including soil protists [17, 29].
Nevertheless, some studies also highlight the joint role of local abiotic factors and climate in shaping
elevational gradients in soil protist diversity (e.g., [44, 45]. However, as these studies did not control for
confounding effects of local abiotic conditions, the relative contribution of local and climatic drivers in
shaping soil protist diversity could not be determined.
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In this study, we did control for confounding effects of local abiotic conditions since we always sampled
along an elevational gradient of beech-dominated forests. Beech and other dominant trees homogenize
soil properties and change their physicochemical characteristics (pH, conductivity, organic matter, etc.)
[46, 47]. This contributes to reducing the effect of site-speci c abiotic factors in driving soil protist
diversity along elevational gradients [38, 48]. This could explain why local abiotic factors had little, or no
predictive power as compared to temperature (species-energy effect) to explain protist diversity patterns.
Water, either alone [29] or in conjunction with temperature [11], is another driver of soil protist diversity
across broad spatial scales. However, the role of water as a predictor of biodiversity varies spatially,
becoming more important in sites where it is scarce [39]. In fact, water does not predict soil protist
diversity in wet environments [49]. We did not record any relationship between humidity and soil protist
diversity. So, as we expected, water was not a limiting factor at the study site. Indeed, precipitation
(another proxy of water availability) increases along the elevation gradient investigated [50], while our
results show that protist diversity tends to decrease. So, while temperature is really putting the tness of
protists to the test, water availability seems to be high enough (at least on average despite the regular
occurrence of drought periods in summer) to not limit their physiological functions in the study site.
The assessment of the elevational patterns in soil protist range-size distributions suggested that the
species-energy effect observed might be ultimately driven by a thermal niche conservatism. Indeed, all
soil protist taxa investigated exhibited a Rapoport effect depicted by a progressive increase in their
distribution ranges from lower and warmer sites to higher and colder sites. The occurrence of a Rapoport
effect has been related to the existence of thermal evolutionary constraints that prevent multicellular
organisms [10, 51] and soil protists [11] from adapting to and eventually colonizing areas with severe,
often exceedingly cold (or hot) climates. So, the observation of a Rapoport effect suggests that, in
general, soil protists lack ecophysiological traits to overcome the low temperatures that predominate at
higher elevational sites over the year. Indeed, the low diversity recorded at higher and colder sites, coupled
with the occurrence of a Rapoport effect supports the idea that few soil protist taxa can physiologically
overcome the lower temperatures of higher sites. Probably at higher and colder elevations, habitat
ltering processes select comparatively few eurythermal protists, which, in turn, represent cases of recent
adaptation to exceedingly cold temperatures.
In addition to assessing the elevational patterns in soil protist range-sizes distributions, we also
investigated their within-community phylogenetic structure to track the existence of a thermal niche
conservatism. The soil protist group that combines all the taxa investigated exhibited both
phylogenetically clustered and phylogenetically over-dispersed communities over the elevational gradient.
This suggests that, overall, the soil protist group is represented both by taxa with broad and narrow
thermal tolerances. The analyses performed on individual taxonomic groups, con rmed the abovementioned outcome. Bacillariophyta, the only phototrophic taxon included in our study, exhibited
phylogenetic overdispersion among co-occurring representatives and, therefore, communities structured
by biotic processes [13, 37]. This outcome suggests that Bacillariophyta have broader thermal tolerances
than the heterotrophic soil protist taxa investigated. Indeed, phototrophic protists exhibit higher
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reproductive rates than heterotrophic protists at cold temperatures [30, 31, 40]. Given that the temperature
range recorded at our study sites seems not to play an important role on the structuring of Bacillariophyta
communities, we hypothesize that habitat ltering (as measured by the average annual temperature)
possibly plays a pivotal role in the assembly of Bacillariophyta communities at higher and colder
elevations than those surveyed at our study site (and thus not in beech forests). Probably, at our study
site, competition for sunlight is the most important biotic process in the assembly of their local
communities, since spotlights are scarce and unevenly distributed in forests. Future research performed
over broader elevational ranges are needed to test our hypothesis. By contrast, Cercomonadida,
Ciliophora, Euglyphida and Kinetoplastida (all of them heterotrophic taxa), exhibited phylogenetic
clustering among their co-occurring representatives. This result con rmed that these taxa exhibit local
communities structured by habitat ltering over the elevational gradient investigated [13, 37]. Therefore,
heterotrophic soil protists exhibit a narrower thermal tolerance than Bacillariophyta to the monotonic
decrease in temperature observed in the study site.

Conclusion
Herein, we have shown that diversity patterns in soil protists such as Bacillariophyta, Cercomonadida,
Ciliophora, Euglyphida and Kinetoplastida, could be explained through the phylogenetic niche
conservatism. In particular, the evidence suggests that most soil protists exhibit evolutionary constraints
to temperature, which imposes strong restrictions on their ability to colonize sites with extreme
temperatures. This thermal constraint might also be driving their current biogeographical and
macroecological patterns on Earth and might be the reason why temperature often arises as an important
predictor of soil protist diversity over latitudinal and elevational gradients. Considering that the
phylogenetic niche conservatism has contributed to successfully explain the occurrence of diversity
patterns in plants and animals, we could also state that our study contributes with additional evidence to
demonstrate that eukaryotic multicellular and unicellular diversity patterns might be produced and
maintained by similar processes. Our ndings contribute thus to generalizing broad evolutionary
mechanisms to the whole domain Eukarya and, arguably, to all life on Earth.
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Table 1
Predictions that can be drawn from the phylogenetic niche conservatism hypothesis.
Name of the
mechanism

Theory

Testable prediction

1.

1.1. Richness is positively related to
temperature rather than to any other
environmental factor

1.1.1. Positive correlation
between elevation and
diversity

Species-energy
effect (e.g., Evans
et al. 2005)

1.1.2. Positive correlation
between temperature and
diversity
2.

3.

Taxa-range-size
distributions
(Stevens 1989,
Colwell and Lees
2000)

Niche-based
processes (e.g.,
Webb et al. 2002)

2.1. Temperature decreases with
elevation and progressively lters
(selects) taxa with broader thermal
tolerances and elevational ranges

2.1.1. Positive correlation
between elevation and taxarange-size distributions (i.e., a
Rapoport effect)

2.2. Geometric constraints drive taxarange-size distributions over the
elevational gradient

2.2.1. Taxa-range-size
distributions match the
predictions of a null model
(i.e., a mid-domain effect)

3.1. Community assembly is mediated
by biotic interactions along the
elevational gradient

3.1.1. Communities are
phylogenetically
overdispersed along the
gradient

3.2. Community assembly is mediated
by habitat ltering along the elevational
gradient

3.2.1. Communities are
phylogenetically clustered
along the gradient
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Table 2
Relations between (a) richness and elevation, and (b) richness and average annual temperature.
Relationships were modelled with both linear (L) and quadratic (Q) models. The better model was
selected using the Akaike's information criterion.
Relations

(a)

(b)

Richness vs. elevation

Richness vs. average annual
temperature

Eukaryotic
microbial
group

Linear model

Quadratic
model

Better
Model

R2

P

R2

P

Soil protist
group

-0.699

0.002

0.699

0.353

L

Bacillariophyta

-0.886

0.000

0.896

0.222

L

Cercomonadida

-0.853

0.000

0.847

0.425

L

Ciliophora

-0.579

0.006

0.785

0.021

Q

Euglyphida

-0.776

0.000

0.842

0.077

L

Kinetoplastida

-0.593

0.006

0.877

0.003

Q

Soil protist
group

0.733

0.002

0.766

0.353

L

Bacillariophyta

0.898

0.000

0.919

0.222

L

Cercomonadida

0.869

0.000

0.881

0.425

L

Ciliophora

0.625

0.006

0.833

0.021

Q

Euglyphida

0.801

0.000

0.877

0.077

L

Kinetoplastida

0.638

0.006

0.904

0.003

Q
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Figure 1
Distribution and elevation in m a.s.l. (color-coded bar) of each of the prospected plots in beech
dominated forests (Fagus sylvatica L.) in western Switzerland. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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Figure 2
Relationship between the mean elevational range size (MER) of all eukaryotic microbial groups studied
and elevation. All eukaryotic microbial groups exhibited a signi cant increase of their elevational ranges
with elevation, conforming to the macroecological pattern of the Rapoport effect.
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Figure 3
Richness (solid circles), upper and lower 95% con dence limits (broken lines) and average null model
predictions (dotted line) computed with the Mid-Domain Null program (50,000 Monte Carlo simulations
sampled without replacement from empirical taxa-range-size distributions). In all cases, the observed
richness did not show signi cant relationship (P > 0.05) with null model predictions, indicating that the
observed patterns where not signi cantly in uenced by random effects.
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Figure 4
Variation in community phylogenetic relatedness along the gradient studied as measured with both –NRI
and –NTI indices. Above zero values indicate phylogenetic overdispersion, while below zero values
indicate phylogenetic clustering. The –NRI and –NTI values were signi cant in all cases (P < 0.05).
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