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Abstract

Context Global change, including land-use change
and habitat degradation, has led to a decline in bio-
diversity, more so in freshwater than in terrestrial
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ecosystems. However, the research on freshwaters
lags behind terrestrial and marine studies, highlight-
ing the need for innovative approaches to comprehend
freshwater biodiversity.

Objectives We investigated patterns in the relation-
ships between biotic uniqueness and abiotic environ-
mental uniqueness in drainage basins worldwide.
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Methods We compiled high-quality data on aquatic
insects (mayflies, stoneflies, and caddisflies at genus-
level) from 42 drainage basins spanning four conti-
nents. Within each basin we calculated biotic unique-
ness (local contribution to beta diversity, LCBD) of
aquatic insect assemblages, and four types of abiotic
uniqueness (local contribution to environmental het-
erogeneity, LCEH), categorized into upstream land
cover, chemical soil properties, stream site landscape

M. Callisto - D. M. P. Castro - M. S. Linares
Departamento de Genética, Ecologia e Evolucio, Instituto
de Ciéncias Bioldgicas, Universidade Federal de Minas
Gerais, Av. Antonio Carlos, Pampulha, Belo Horizonte,
MG 6627, Brazil

K. Chen

State Key Laboratory of Marine Resource Utilization
in South China Sea, Hainan University, Haikou 570228,
Hainan, People’s Republic of China

Z. Csabai
Department of Hydrobiology, University of Pécs, Ifjusag
Utja 6, 7624 Pécs, Hungary

Z. Csabai
Balaton Limnological Research Institute, Klebelsberg
Kuno U. 3., 8237 Tihany, Hungary

T. Datry
National Research Institute for Agriculture, Food
and Environment (INRAE), Villeurbanne, France

S. Domisch - J. R. Garcifa-Marquez - M. Floury
Department of Community and Ecosystem Ecology,
Leibniz Institute of Freshwater Ecology and Inland
Fisheries (IGB), Miiggelseedamm 310, 12587 Berlin,
Germany

M. Floury
Univ Lyon, Université Claude Bernard Lyon 1, CNRS,
ENTPE, UMR 5023 LEHNA, 69622 Villeurbanne, France

N. Friberg
Norwegian Institute for Nature Research (NINA),
Sognsveien 68, NO-0855 Oslo, Norway

N. Friberg
Freshwater Biological Section, University of Copenhagen,
Copenhagen, Denmark

N. Friberg

Water@Leeds, School of Geography, University of Leeds,
Leeds, UK

@ Springer

position, and climate. A mixed-effects meta-regres-
sion was performed across basins to examine varia-
tions in the strength of the LCBD-LCEH relationship
in terms of latitude, human footprint, and major con-
tinental regions (the Americas versus Eurasia).

Results On average, relationships between LCBD
and LCEH were weak. However, the strength and
direction of the relationship varied among the drain-
age basins. Latitude, human footprint index, or
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continental location did not explain significant varia-
tion in the strength of the LCBD-LCEH relationship.
Conclusions We detected strong context depend-
ence in the LCBD-LCEH relationship across the
drainage basins. Varying environmental conditions
and gradient lengths across drainage basins, land-
use change, historical contingencies, and stochas-
tic factors may explain these findings. This context
dependence underscores the need for basin-specific
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Introduction

Global change has had major impacts on biodiversity
in different ecosystem types and at multiple spatial
scales (Butchart et al. 2010; Ceballos et al. 2017).
For example, land-use change along with increasing
demands on natural resources have induced habitat
destruction, degradation, and fragmentation which,
in turn, have accelerated biodiversity loss especially
in freshwater ecosystems (Reid et al. 2019; Maasri
et al. 2022). Freshwaters provide pivotal ecosystem
services and support a considerable amount of Earth’s
biodiversity, despite their relatively small areal cov-
erage (Strayer & Dudgeon 2010; Wiens 2015; Albert
et al. 2021; Lynch et al. 2023). Not surprisingly, the
pace of biodiversity loss in freshwater environments
therefore exceeds that in terrestrial environments
(Wiens, 2015). However, research on freshwater envi-
ronments has lagged behind that in the terrestrial and
marine environments, and new ways to contribute
to understanding freshwater biodiversity are needed
(Maasri et al. 2022). For example, it is crucial to find
potential indicators of freshwater biodiversity change
(e.g., Heino 2015). Moreover, understanding biodi-
versity change across multiple spatial scales (e.g.,
from local to continental scales) can provide new
insights into guiding conservation and restoration
planning, thus paving the way for better safeguard-
ing of freshwater organisms, habitats, and ecosystems
(e.g., Garcia-Gir6n et al. 2023).

Freshwater ecosystem characteristics are often
associated with landscape position and between-
site connectivity (Lindholm et al. 2020; Heino et al.
2022). For example, stream site position can reflect
anthropogenic land use, as anthropogenic impacts are
typically stronger in downstream than upstream loca-
tions, owing to human settlements and cities having
been founded close to river mouths in prehistorical
and historical times (e.g., Vianello et al. 2015). His-
torically, surrounding anthropogenic land use is often
related to long-term nutrient conditions in freshwa-
ters, and agricultural activities tend to increase nutri-
ents in streams (Allan 2004; Varanka & Luoto 2012;
Scotti et al. 2020; Haase et al. 2023). Consequently,
stream site position in anthropogenically disturbed
drainage systems can also be associated with par-
ticular abiotic characteristics, such as water chemis-
try, with water quality being different in downstream
locations (e.g., high levels of nutrients) compared

@ Springer

with upstream locations (e.g., often low levels of
nutrients closer to the source of the stream). In addi-
tion, abiotic characteristics of streams also show natu-
ral changes along altitudinal and longitudinal gradi-
ents, with headwater streams being colder and more
shaded than larger mainstem rivers (Vannote et al.
1980).

Land use has intensified and habitat degradation
has increased in the Anthropocene (Ellis 2021), and
this trend has rapidly influenced biodiversity pat-
terns in freshwaters in recent decades (Stendera et al.
2012; Gossner et al. 2016; Petsch et al. 2021; Garcia-
Girén et al. 2022). These changes suggest substantial
threats to freshwater biota, unless negative effects
can be counteracted by management, restoration, and
conservation efforts (Heino & Koljonen 2022). How-
ever, land use type and its intensity vary in space and
time, as different cultures and societies have had their
own practices related to land use, and these typically
change through time (Ellis 2021). These practices are
thus likely to vary geographically with latitude and
between continental land masses. In addition, anthro-
pogenic land use has a high potential to create novel
habitats (Bucher et al. 2016), which can increase or
decrease biodiversity depending on the nature of the
change and the measure of biodiversity (Siqueira
et al. 2015).

Spatial beta diversity is one of the components of
biodiversity (Whittaker 1972). It has been defined as
between-site differences or variation in the species
composition across sites in a particular area (Ander-
son et al. 2011). Among different measures associ-
ated with beta diversity is ecological uniqueness
(sensu Legendre & de Caceres 2013). Legendre and
de Céceres (2013) proposed an approach where the
relative contribution of each sampling site to total
beta diversity in a region can be used as an index of
a site’s ecological uniqueness. This index is called
‘local contribution to beta diversity’ (LCBD), and it
is a measure that can reveal sites that are unique (i.e.,
have unique biotic communities in terms of compo-
sition) compared with other sites studied within a
region. This index can be further used to detect sites
that have high or low importance for conservation or
restoration (Legendre & de Caceres 2013), consider-
ing their environmental settings in natural or man-
aged areas, respectively (Heino et al. 2022).

Previous studies have mainly focused on ecologi-
cal uniqueness (LCBD) and its correlation with single



Landsc Ecol (2024) 39:86

Page50f 18 86

environmental variables (da Silva et al. 2018; Vilmi
et al. 2018; Pozzobom et al. 2020; Schneck et al.
2022). This is because spatial variation in ecological
uniqueness is thought to be associated with environ-
mental factors, yet the correlations between LCBD
and local environmental factors are typically weak
(Heino & Gronroos 2017; Landeiro et al. 2018; Sor
et al. 2018; da Silva et al. 2018). Moreover, the rela-
tionships between LCBD and single environmental
factors may vary between study areas (Tonkin et al.
2016). Hence, it could be assumed that LCBD-envi-
ronment relationships are context dependent, espe-
cially if single local environmental variables are
used. However, a question arises whether LCBD, a
composite measure of an assemblage, could be more
strongly correlated with a composite measure of envi-
ronmental features.

If single local environmental factors are not suf-
ficient to account for entire abiotic variation in the
system studied, we should examine more holistic
measures of abiotic uniqueness (e. g., Castro et al.
2019). In this context, Castro et al. (2019) proposed
that overall abiotic uniqueness of study sites can be
calculated following an approach that is similar to
calculating LCBD. This measure of local contribution
to environmental heterogeneity (LCEH) reveals the
sites with high abiotic uniqueness. In other words, a
high LCEH value indicates that the site has dissimilar
or unique environmental conditions compared to the
typical environmental conditions of the study area.
Testing the relationship between LCBD and LCEH

-60

would therefore offer novel insights into biodiver-
sity, which would help in guiding conservation and
land-use management efforts. A positive relationship
between abiotic and biotic uniqueness would mean
that environmentally distinct sites, in general, sup-
port unique biotic assemblages. This approach could
reveal the sites that require restoration or conserva-
tion based on both biotic and abiotic uniqueness (e.g.,
Heino et al. 2022), especially if associated with varia-
bles describing land cover and land use (e.g., Schneck
et al., et al. 2022).

In this study, we focused on both elevation and
landscape features, whereby the properties of a sam-
pling site in terms of its catchment characteristics
and altitude were considered potential correlates of
ecological uniqueness of stream insect assemblages.
We chose to use catchment features because they
could be identically measured for each site based
on the same environmental datasets and because
catchment features are assumed to better capture
environmental variation compared with local-scale
snapshot physio-chemical samples (Soininen et al.
2015). Spatial variation in catchment features can
create differing environmental conditions between
sites, thus generating differences in abiotic unique-
ness of sites. We used a two-stage analysis to test
the effects of the abiotic uniqueness (LCEH) on
biotic uniqueness (LCBD) of stream insect assem-
blages. In the first stage, we tested the strength of
the LCBD-LCEH relationship within each of the
42 drainage basins scattered across four continents

-30

Fig. 1 Location of the studied drainage basins (N=42). Insets represent the studied drainage basins in a Europe and b South Amer-

ica in greater detail
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Table 1 Environmental variables and their ecological impact in river systems. Dataset name and spatial resolution are defined under

LCEH variable

LCEH variable and data source

Environmental variable

Ecological effects in river systems

Land use
European Space Agency Land Cover (300 m)
ment

Landscape position
GeoFRESH (Dominich et al. 2023)

Hydrography90 (90 m) Elevation

Atmospheric climate
TerraClimate (~4 km)

Annual precipitation (mm)

Annual evapotranspiration

Upstream catchment chemical soil properties  Nitrogen
SoilGrids (250 m)

pH

Organic carbon

Temperature (°C)

Proportion (%) of different land Effects on water quality (Wang & Tan 2017; She-
uses in the upstream catch-

hab et al. 2021),

Indirect effects on macroinvertebrate richness,
taxonomic (Nessimian et al. 2008; Scotti et al.
2020), and functional (Garcia—Gir6n et al. 2022;
Scotti et al 2020) community composition

Upstream catchment area (km?) Environmental conditions and resource availability

(Vannote et al. 1980; Soininen et al. 2015)

Behaviour, physiology, metabolism, fitness, phe-
nology, and community ecology and evolution
(Bonacina et al. 2022)

Runoff and flow conditions (eg, drying, flooding,
and discharge) (Allan & Castillo 2007; Carvallo
et al. 2022). Community structure and functional
composition (Carvallo et al. 2022)

Hydrologic cycle and flow conditions (Allan &
Castillo 2007)

Water quality and eutrophication (Allan 2004),
trough cross-system flows (Soininen et al. 2015)

Community assemblages (Wang & Tan 2017)

Water quality, eutrophication, and acidification
(Wade et al. 1989)

Water quality and eutrophication. Community
composition (Wang & Tan 2017)

and covering a wide range of variation in climate
and land cover features (Supplementary Informa-
tion 1). To do so, we calculated LCEH in four dif-
ferent ways: (1) stream site landscape position (in
terms of elevation and upstream catchment area),
(2) upstream land cover, (3) upstream chemical
soil properties, and (4) climate. Thus, there were
four separate tests of the LCBD-LCEH relationship
within each drainage basin. We relied on a correla-
tive approach because experiments were not feasi-
ble at the spatial scales examined. In this first stage
of the analysis, we assumed that the LCBD-LCEH
relationship is positive within each drainage basin.
This is because stream sites with unique environ-
mental conditions should harbour unique stream
insect assemblages, which is based on the assump-
tions of the niche theory that each species prefers
a certain set of environmental conditions (Hutchin-
son 1957). The second stage of analysis was a meta-
analysis across drainage basins. Here, we explored
the variation in the strength of relationship between

@ Springer

LCBD and LCEH across the 42 drainage basins. As
predictor variables, we used mean latitude of sam-
pling sites in each drainage basin, major continen-
tal realms (here, the Americas versus Eurasia), and
human footprint index (HFPI) as a proxy for anthro-
pogenic alteration and pressures in each drainage
basin. In this second-stage analysis, we explored
the hypotheses: (a) the strength of the LCBD-LCEH
relationship varies with latitude, (b) the strength
of the LCBD-LCEH relationship varies with the
degree of human impact at the scale of entire drain-
age basins, and (c) the strength of the LCBD-LCEH
relationship differs between the Americas and Eura-
sia because of their distinct biogeographic histories.
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Materials and methods
Datasets

We compiled data from 42 drainage basins scattered
across four continents (Fig. 1).

These data came from published case stud-
ies focusing on one or more drainage basins. In
each drainage basins, we randomly chose 20 stream
sites from larger datasets if the original studies had
included more sites to guarantee the same sampling
effort for the across-basins analysis. As many basins
had only 20 or a little more than 20 sites sampled
(mean no. sites sampled per basin was 39, range 20
to 95), we could not test the effects of resampling, for
example, 80 sites on the LCBD-LCEH relationships
in all basins. Moreover, as environmental heteroge-
neity increases with the number of sites sampled or
the area covered (Stein et al. 2014), using 20 sites
from each basin was considered the most feasible
approach. The study drainage basins include a diverse
set of streams, covering a vast range of environmen-
tal conditions, ranging from nearly pristine to heavily
anthropogenically disturbed catchments (Supplemen-
tary Information 1).

Within each drainage basin, at least mayflies
(Ephemeroptera), stoneflies (Plecoptera) and cadd-
isflies (Trichoptera) (EPT) were originally sampled.
Genus-level taxonomic harmonization was done
to guarantee comparability between the 42 drain-
age basins and to ensure the same level of identifi-
cation in all study regions. These three insect orders
also include most of the functional variation exhib-
ited by stream insects and cover a large range of
lineage origins, thereby providing a potential proxy
for wholesale stream insect biodiversity (Vinson
& Hawkins 2003; Brito et al. 2018). EPT taxa were
sampled using standardized methods within each
study area, but not among them, as it would be impos-
sible to obtain global broad-scale data with the same
sampling methods used across all basins (e.g., Erik-
sen et al. 2021). We used the correlation coefficients
obtained from within-basin analyses in the across-
basins analyses (see below), which ensured the com-
parability of the different datasets. The surveys were
conducted between 1998 and 2020, with all within-
basin samples being collected in the same year. More-
over, all sites in a drainage basin were sampled within
a period of less than 4 months to avoid excessive

temporal variation and to ensure comparability across
the drainage basins. More information about the
drainage basins and data collection is available in
Supporting Information 1.

Environmental variables were obtained to explore
the differences in abiotic conditions within drain-
age basins and to assess abiotic uniqueness of sites
(Table 1). These environmental variables were cho-
sen based on their ecological importance to stream
insects (see Table 1 for examples), as well as practi-
cal reasons to guarantee directly comparable environ-
mental data for each drainage basin and each stream
site within each basin.

Climate variables were obtained from TerraCli-
mate (resolution~4-km) (Abatzoglou et al. 2018).
Average values of atmospheric minimum and
maximum temperature, annual precipitation, and
annual evapotranspiration were calculated for each
study site from a 30-year standard reference period
(1981-2010), defined by the World Meteorological
Organization (WMO), which is the latest climatic
normal in use. Environmental variables were derived
from the Hydrography90 dataset (resolution 90 m)
(Amatulli et al. 2022), along with ancillary environ-
mental variables (Domisch et al. 2023). These varia-
bles included local elevation and upstream catchment
area. Upstream-catchment land cover data (resolu-
tion: 300 m) were obtained from European Space
Agency (ESA 2017; see Supplementary Information
3). Upstream catchment chemical soil properties were
derived from SoilGrids 2.0 (resolution 250 m) (Pog-
gio et al. 2021). Chemical soil properties included
in this study are nitrogen, pH, and soil organic car-
bon. We used the 0-5 cm depth layer, which likely
has the greatest impact on water chemistry due to
surface runoff. Additional details regarding the vari-
ation of these environmental variables can be found
in Supplementary Information 3 (S2). We also used
the 2009 Human Footprint index (HFPI), which is a
global map of the cumulative human pressure on the
environment calculated for the year 2009 (resolu-
tion: ~1 km) (Venter et al. 2016, 2018). We chose to
use HFPI because it could be calculated for all basins
and is thus comparable in the context of our global
study.

The environmental variables used in this study are
considered as proxies for local environmental condi-
tions in streams. We used this proxy-based approach,
as such variables were the only consistent ones

@ Springer
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«Fig. 2 World maps illustrating the correlation between local
contribution to beta diversity (LCBD) and local contribu-
tion to environmental heterogeneity (LCEH). Key: a LCBD-
LCEH,qyses b LCBD-LCEH, o i50ns € LCBD-LCEH jjpyq, d
LCBD-LCEH,;. The size of the circle represents the strength
of the correlation, and the colour represents the direction
(negative [orange] versus positive [violet]) of this relationship.
Filled circles represent statistically significant (p <0.05) corre-
lations according to modified t-tests to account for spatial auto-
correlation. The insets are (i) Europe and (ii) South America,
with several drainage basins located relatively close to each
other

available for each site across all drainage basins. We
acknowledge that local environmental factors, such as
water chemistry and habitat conditions, are important
in affecting the biodiversity of aquatic macroinver-
tebrates in general, yet even their explanatory power
may be low in studies of stream insects (Heino et al.
2015a, b). This may be due to these local variables
being strongly affected by recent changes in weather
conditions and may hence describe only a snapshot of
chemical features in time. Catchment level variables,
on the other hand, are more stable compared to local
environmental variables and could thus more reliably
describe environmental conditions in time (Soininen
et al. 2015).

Statistical methods

We calculated the total beta diversity and biotic
uniqueness of the sites in each basin (LCBD) accord-
ing to Legendre & de Caceres (2013). LCBD values
vary between 0 and 1, and a higher value indicates a
higher contribution of the site to total beta diversity.
LCBD was calculated for presence-absence data using
the Jaccard coefficient. The abiotic uniqueness of the
sites (LCEH) was calculated separately in each drain-
age basin based on standardized variables describing
(1) stream site landscape position, (2) upstream catch-
ment land cover, (3) upstream basin soil chemistry,
and (4) climate data following the approach suggested
by Castro et al. (2019). Additionally, we calculated
LCEH using all environmental variables combined in
the same analysis (LCEH,,). LCBD and all LCEH
variables were calculated separately for each of the 20
sampled sites in all 42 drainage basins.

In the first stage of our analytical workflow, we
used Moran’s I tests to measure the spatial autocor-
relation in LCBD and LCEH values for each data-
set separately. Since these tests revealed statistically

significant spatial autocorrelation in some datasets
(Supplementary Information 2 S1), we tested correla-
tions between LCBD and different classes of LCEH
using modified r-tests (Dutilleul 1993). This allowed
us to control for the spatial non-independence when
calculating the significance of the correlation between
LCBD and LCEH.

In the second stage of the analysis, the correlation
coefficient between LCDB and LCEH, separately for
each type of environmental variable, was transformed
in Fisher’s Z, scale (Borenstein et al. 2021) for each
drainage basin. To calculate the variance of Z,, while
taking spatial autocorrelation into account, we used
the estimated effective sample size (ESS) provided
by the function modified.ttest of the R package Spa-
tialPack (Vallejos et al. 2020). After calculating ESS,
we fitted mixed-effects meta-regression (MEMR) to
the Fisher’s Z, using the “rma.mv” function in the
R package metafor (Viechtbauer 2010). Thus, there
were four separate tests of the LCBD-LCEH rela-
tionship within each drainage basin. A meta-analyt-
ical approach is a useful tool to summarize diverg-
ing results from multiple datasets, sources, or sites,
thereby clarifying findings of large-scale ecological
research (Koricheva & Gurevitch 2014).

MEMR weights each effect size by the inverse of
its sampling variance (calculated using the “escalc”
function in the R package metafor) plus the amount
of residual heterogeneity not explained by modera-
tors (i.e., explanatory variables). To account for the
non-independence among the 42 drainage basins, we
included geographic coordinates as random factors
using different correlation structures (here, exponen-
tial, gaussian, linear, spherical, and rational quadratic;
Viechtbauer 2010). We selected the most parsimoni-
ous models in terms of predictive power using the
Akaike Information Criterion corrected for small
sample size (AICc). Estimates of mean effect sizes
() and variance between studies (t?) were obtained
using restricted maximum likelihood (REML) esti-
mations, and MEMRs were fitted separately with the
Broyden-Fletcher-Goldfarb-Shanno  (BFGS) opti-
misation to improve model convergence. We also
illustrated the MEMRSs by back-transforming Z, into
correlation coefficients () for interpretability (Cohen
1992).

Finally, we tested the differences in environ-
mental heterogeneity between catchments using
permutational tests of homogeneity of dispersion
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Fig. 3 Mixed-effects meta-regression (MEMR) results for the
variation in the strength of the local contribution to beta diver-
sity (LCBD)—Ilocal contribution to environmental heterogene-
ity (LCEH) relationships. a Regression coefficients evaluat-
ing the effects of moderators (continental realm, latitude, and
human footprint index (HFPI)) on the relationship between
biotic uniqueness (LCBD) and different types of abiotic unique-
ness (LCEH, LCEH,,,quse» LCEH, and LCEH_;). The
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bars represent the 95% confidence levels. b Mean effect sizes
(back-transformed to r) measuring the relationship between
LCBD and LCEH in Eurasia and the Americas. ¢ Changes in
the strength of relationships (as given by Z.) between LCBD
and different types of LCEH with absolute latitude. d Changes
in the strength of relationships (as given by Z,) between LCBD
and different types of LCEH with HFPI. The size of the data
points is proportional to the inverse of variance
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(PERMDISP; Anderson 2006). We used standardized
environmental variables and Euclidean distance to
calculate mean distance to centroid, which was used
as a measure of environmental heterogeneity within
each drainage basin. PERMDISP was conducted
using “betadisper” function in R-package vegan
(Oksanen et al. 2020).

All statistical analyses were run in R version 4.0.2
(R Core Team 2021). R packages and the scripts used
in this study will be included in Zenodo.

Results

On average, correlations between biotic uniqueness
(LCBD) and different measures of abiotic unique-
ness (LCEHn4ye. LCEHy, LCEHon, and
LCEHj;,,..c) Were mainly low but varied widely from
r=— 0.487 LCEH,yjjo, in the Iijoki basin, Finland,
to r=0.880 LCEH,,0, in the Adige basin, France,
(Supplementary Information 2 S3). Only a few of
these results were statistically significant (P <0.05),
which was possibly due to the small sample sizes
within each drainage basin. For LCEH;, only the
Wei River basin, China, showed a strong, statisti-
cally significant association with LCBD (r=0.804,
p=0.002). The correlation between LCEH ;... and
LCBD was also mainly weak, and it was statisti-
cally significant in only three of the drainage basins
examined (the River Ain basin, France: r=0.341,
p=0.006; the River Thur basin, Switzerland:
r=0.377, p=0.013; and the River Mekong basin,
China: r=0.723, p=<0.001). The -correlations
between LCBD and LCEH i, and between LCBD
and LCEH,, . Were statistically significant in six
and seven drainage basins, respectively. The relation-
ships between LCBD and LCEH,,,, varied similarly
across the basins as the LCBD-LCEH relationships
calculated with subsets of the environmental data
included in the same analysis (Supplementary Infor-
mation 2 S3).

More importantly, however, both the strength and
the direction (negative versus positive r-values) of the
relationship between LCBD and different measures of
LCEH varied considerably across the drainage basins
(Fig. 2).

Additionally, the strength and direction of these
correlations varied even between drainage basins

located geographically close to each other, and
within continental realms with similar biogeographic
and land-use histories. For example, the strength
and direction of the correlation between LCBD and
LCEH varied considerably within both the Americas
and Eurasia, regardless of the LCEH measure used
(Fig. 2). Similar degrees of variation can be seen
even between drainages located within similar cli-
mates, freshwater ecoregions, and biomes, such as
the Koutajoki and Tijoki River basins in Finland, the
Ain, Sadne, and Doubs River basins in France, and
the Acard, Gurupi and Capim basins in Brazil.

Considering the meta-regression models, all the
spatial structures tested yielded the same results for
the strength of the LCBD-LCEH,, relationship
because spatial autocorrelation between drainage
basins was low. Gaussian, spherical, and linear spatial
structures provided the best model fits respectively
for the LCBD-LCEH,jye» LCBD-LCEH,, 4, and
LCBD-LCEH, ., relationships, but were only mar-
ginally better compared to other spatial structures for
a given measured of LCEH (AAICc>2 according to
Burnham & Anderson 2002). In general, variation in
the strength of the relationships between LCBD and
LCEH measures was not significantly influenced by
any explanatory variables (Fig. 3a—d).

More specifically, the effect size (Z,) did not
vary remarkably with any of the moderators used
(LCBD-LCEH ;.. QM(df=4)=4.033, p=0.488,
LCBD-LCEH,, 4, .« QM(df=4)=12.282, p=0.015,
LCBD-LCEH QM(df=4)=6.470, p=0.167,
LCBD-LCEH; QM(df=4)=4.199, p=0.380).
Slightly stronger LCBD-LCEH correlations tended
to be found in drainage basins with higher levels of
human impact (Fig. 3d), and the direction (positive
versus negative) of the effect size between LCBD and
LCEH varied across different measures of LCEH in
relation to major continental realms (Fig. 3a, b). For
example, we found a tendency for negative relation-
ships between LCBD and LCEH,;,, and LCBD
and LCEH;, in the Americas, but not in Eurasia.
Overall, however, latitude, major continental realms,
and HFI showed mostly marginal correlations with
LCBD-LCEH relationships (in most cases, r<0.3).
PERMDISP results showed that there was relatively
high variability in environmental conditions between
sites within basins (Supplementary Information 2 S6),
but the level of environmental heterogeneity did not
differ strongly across basins.

position
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Discussion

We studied the relationship between biotic unique-
ness (LCBD) and four measures of abiotic unique-
ness (LCEHppgu. LCEHy, LCEH0n and
LCEH_j.¢e) in river basins across most of the world.
Contrary to our expectations, relationships between
the uniqueness of stream insect assemblages and
abiotic uniqueness were not positive in most of the
drainage basins studied. Instead, these correlations
varied considerably on a basin-by-basin basis, point-
ing to strong context dependence in the relationship
between LCBD and LCEH. The results of meta-
regressions also contradicted our expectations, as (1)
we did not find clear patterns in the variation of the
LCBD-LCEH relationship and latitude, and because
(2) the strength of this relationship did not vary with
the human footprint index, or (3) between the Ameri-
cas and Furasia. We did not find any reasonable
explanations for the variability in the LCBD-LCEH
relationship using the meta-analysis, as none of the
predictor variables significantly affected this relation-
ship. Thus, our meta-regression models suggest that
there is strong context dependence in this relationship
worldwide (Heino et al. 2012; Catford et al. 2022),
which has been previously detected for the relation-
ships between the LCBD of entire stream macroinver-
tebrate assemblages and single environmental vari-
ables across a few German drainage basins (Tonkin
et al. 2016). In other words, the relationship between
biotic uniqueness and abiotic uniqueness varies
depending on the geographical and environmental
settings studied. This is a plausible finding, as the
drainage basins we studied ranged from the Tropics to
the Arctic, from moist to dry regions, and from highly
impacted to near-pristine areas (Supplementary Infor-
mation 1).

Context dependence in ecology could result from
several reasons, ranging from mechanistic context
dependence related to interaction effects and appar-
ent context dependence associated with confound-
ing factors and methodological issues (Catford et al.
2022). Even though the biological data were harmo-
nized and standardized, and the environmental data
were comparable across the river basins, the datasets
were not originally collected for the present purpose.
Therefore, spatial variability in different environ-
mental aspects was not the same across drainages,
i.e., gradients in land cover, elevation, and climate

@ Springer

differed considerably among the river basins. This
can complicate the interpretation of the relationship
between biotic uniqueness and abiotic uniqueness
across river basins, and even more so across conti-
nents. Datasets that are not collected for the very pur-
pose of a study are common in large-scale ecological
and biogeographical studies (e.g., Heino et al. 2015a,
b; Alahuhta et al. 2017), as simultaneous sampling
in multiple geographical regions is expensive, if not
impossible, making it reasonable to utilize datasets
collected during earlier research efforts. Differences
in the local environmental factors used (e.g., Tonkin
et al 2016) and different levels of environmental het-
erogeneity in the studied river basins may also cause
context dependence (e.g., Gronroos et al. 2013).
Additionally, there could be a disparity between the
scales of observation for biological and environmen-
tal data. This is because the environmental variables
were measured at the catchment scale and biologi-
cal data were derived from local reach-scale surveys.
Therefore, we may not have captured environmental
conditions (e.g., microhabitat features) as perceived
by stream insects. However, as there is a paucity of
comparable local-scale environmental data, we had
to rely on catchment-scale environmental variables.
In addition, environmental variables measured at
the catchment scale might better reflect the long-
term environmental conditions within river basins
(see Table 1), considering that local environmental
variables tend to fluctuate continuously (e.g., due to
changing weather conditions) and might only reflect
short-term environmental conditions of the stream
and the entire catchment (Soininen et al. 2015). These
factors could, in turn, explain the context-dependent
findings pertaining to different relationships between
biotic LCBD and abiotic LCEH, even when based
on the same environmental variables measured in all
drainage basins. Context dependent findings could be
also explained by a possible scale disparity between
the resolution of environmental and biological data
(i.e., two sampling points can fall within same envi-
ronmental variable pixel and thus be assigned with
same value). However, there is an unfortunate lack of
high-resolution datasets at global scale, which could
be used in studies like ours. Context dependence in
environmental features could be the underlying cause
of the variability of LCBC-LCEH relationships we
detected in this study. However, it is unlikely that the
level of overall environmental heterogeneity caused



Landsc Ecol (2024) 39:86

Page 130f 18 86

context dependence, as overall environmental hetero-
geneity did not vary considerably across basins (as
revealed by PERMDISP results).

Even though we did not find generally strong
relationships between biotic uniqueness and abiotic
uniqueness, the few significant LCBD-LCEH cor-
relations detected within drainage basins should be
considered when designing conservation and restora-
tion programs. For example, in the River Wei basin in
China, biotic uniqueness was strongly related to the
uniqueness of both soil properties and land use. This
may be due to the spatial positioning of the land use
in this basin (see also Sponseller et al. 2001). The cal-
culation of the land use uniqueness in this study was
based on proportion of different land use types in the
upstream basin but did not consider their spatial posi-
tioning. Land use is often related to the soil chemical
properties, and thus these two measures of unique-
ness could be interlinked.

Land use intensification can change the physi-
cal and chemical characteristics of streams (Allan &
Castillo 2007), often decreasing environmental het-
erogeneity among sites (Gossner et al. 2016). This
can have a negative influence on the diversity and
structure of biological assemblages (Garcia-Girén
et al. 2022; Larsen & Ormerod 2014). Anthropogenic
land use can, however, sometimes benefit biodiver-
sity (Schneck et al. 2022). This is because it does not
necessarily homogenize landscapes but can also cre-
ate novel habitats and niche opportunities (Sévéque
et al. 2020). In addition, anthropogenic land use may
modify landscapes and habitats in such a way that it
does not instantly decrease biodiversity in a certain
area (e.g., adding nutrients in an oligotrophic environ-
ment, species composition can be altered but overall
richness is not affected or may even initially increase)
(Jeppesen et al. 2000). Land-use practices within river
basins can have a strong impact on macroinvertebrate
assemblages, but the spatial positioning of different
land uses in a catchment can be a key factor defin-
ing how strong its influence on streams is (Sponseller
et al. 2001). For example, if land cover in the basin is
overall heterogenous but anthropogenic land uses are
situated close to a stream, the positive effect of land-
use heterogeneity in the basin could be compromised
(Scotti et al. 2020).

Current land-use change may hamper our under-
standing of biodiversity patterns, as the abiotic nature
context for biotic nature is constantly changing, and

the pace of change is faster than ever (Ellis 2021).
The natural features of the studied river systems are
spatiotemporally variable (e.g., Li et al. 2021), which
also applies to human land use. Therefore, anthropo-
genic pressures are not constant across the studied
river basins (see Supplementary Information 1). The
intensity and type of human-induced pressures were
different across the river basins and differing regional
histories regarding land-use practices may complicate
our understanding of the consequences of land cover
change (Ellis 2021). Such among-region differences
could account for the context dependence we detected
in the LCBD-LCEH relationships and explain why we
did not find any ecological correlates for the among-
river basin variation in effect sizes. We accounted for
the variation in anthropogenic pressures by including
the human footprint index as an explanatory variable,
yet our results were not statistically significant. This
could also be due to using a composite index describ-
ing human pressure, as such indices can be (1) either
limited in the sense of measuring only a small por-
tion of overall anthropogenic stressors, or (2) that the
indices overweight some individual factors that are
important in some regions but not in the others.

The tendency for negative relationships between
LCBD and LCEH ., and LCBD and LCEH,; in
Eurasia but not in the Americas could be explained
by longer history of intensive agriculture and indus-
try in Eurasia compared to the Americas (Ellis 2021).
Historically pervasive anthropogenic land use can
have long-lasting effects on biodiversity (Harding
et al. 1998; Maloney et al. 2008; Santos et al. 2020;
Linares et al. 2023), and therefore land-use legacy
can also be assumed to influence the LCBD-LCEH
relationship. For example, sites that now drain catch-
ments with agricultural fields may have been within
forests in the past, and this historical constraint could
still be affecting the diversity and structure of stream
insect assemblages.

Counteracting the negative effects of land-use
intensification and stream degradation by manage-
ment, restoration, and conservation practices (Heino
& Koljonen 2022) requires that researchers can pro-
vide clear guidelines and indicators of biodiversity
change. Moreover, acquiring adequate knowledge
of indicators of change should be associated with
alteration of natural landscapes and land-use inten-
sification in recent decades. If one can find associa-
tions between land-use intensity and features of biotic
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communities (e.g., species richness, biotic unique-
ness, or presence of rare species), practical guidelines
for environmental managers and conservation prac-
titioners can be more easily established. Measures
such as local contribution to beta diversity (LCBD)
and local contribution to environmental heterogene-
ity (LCEH) based on environmental features, show
some promise in this regard (e.g., Heino et al. 2022),
but they should be considered in each drainage basin
separately. A step forward to apply the indices of
LCBD and LCEH to river basin conservation is to
examine how the summed LCBD or LCEH values of
a subset of surveyed sites can incorporate total beta
diversity and environmental variation within a basin,
as has been recently proposed for lake biota and envi-
ronments (Heino et al. 2022) and abiotic features in
terms of geodiversity (Alahuhta et al. 2023).

In summary, we found strong context depend-
ence between biological uniqueness of stream insect
assemblages and abiotic uniqueness of sites’ catch-
ment features. Hence, we propose considering the
specific land-use histories and examining each drain-
age basin separately if the relationship between biotic
uniqueness and abiotic uniqueness is used as the basis
of conservation and restoration programs of river sys-
tems. Our present analysis, therefore, warns that any
attempt of using relationships of biotic uniqueness
and environmental uniqueness from single drain-
age basins or few drainage basins as a cure-for-all
in designing conservation and restoration of world’s
river systems should be avoided. However, differ-
ences in the abiotic environmental factors and dif-
ferent levels of environmental heterogeneity in the
studied river basins may also cause context depend-
ence, and it could be the underlying cause of the vari-
ability in the LCBC-LCEH relationships detected in
this study. Thus, although large-scale ecological and
biogeographical studies are rarely based on datasets
collected for a particular purpose, we believe that this
effort would be of great value to identify the type of
context dependence—mechanistic or apparent con-
text dependence (Catford et al. 2022)—underlying the
LCBC-LCEH relationship.

Acknowledgements The work for this article was supported
by the Academy of Finland’s grant to JHeino for the pro-
ject GloBioTrends (Grant No. 331957). JGG was funded by
the European Union Next Generation EU/PRTR (Grant No.
AG325). Work by LMB has been continuously supported by the
National Council for Scientific & Technological Development

@ Springer

(CNPq) and Fundagdo de Amparo a Pesquisa do Estado de
Goids (FAPEG) (grants 308974/2020-4 and 465610/2014-5).
PB and ZC were financially supported by the National Research
Development and Innovation Office (NKFIH FK 135 136), and
PB was supported by the Jdnos Bolyai Research Scholarship of
the Hungarian Academy of Sciences BO-00106-21. LB thanks
the National Council for Scientific and Technological Develop-
ment (CNPq) for the Scientific Initiation Fellowship for JVASS
and the productivity fellowship in research to LSB (process
n°. 305929/2022-4). MC was awarded National Council for
Scientific & Technological Development (CNPq) research
productivity grant 304060/2020-8 and received grants (PPM
00104-18, APQ-00261-22) from the Fundagdo de Amparo a
Pesquisa do Estado de Minas Gerais. SD and JRGM acknowl-
edge funding by the Leibniz Competition (grant no. J45/2018)
and the German Federal Ministry of Education and Research
(BMBF grant agreement number no. 033W034A). We thank
the Yale Center for Research Computing for their guidance
and the use of research computing infrastructure. DRM was
supported by National Council for Scientific & Technological
Development (CNPq) (Grant No. PQ-309763-2020-7). DMPC
received a postdoctoral scholarship from P&D Aneel- Cemig
GT-611. PH was partially funded by the eLTER PLUS project
(Grant Agreement No. 871128). LJ is grateful to 33 Forest,
CIKEL Ltd. and Instituto de Floresta Tropical (IFT), Biodiver-
sity Research Consortium Brazil-Norway (BRC), and Norsk
Hydro for the financial and logistical support for sampling.
Brazilian National Council for Scientific and Technological
Development (CNPq) is acknowledged for financing the pro-
jects and for granting a research productivity fellowship to LJ
(304710/2019-9). APIF was supported by Conselho Nacional
de Desenvolvimento Cientifico e Tecnoldgico (CNPq, Bra-
zil, process no. 449315/2014-2 and 481015/2011-6). RL also
received a research productivity fellowship from CNPq (grant
# 312531/2021-4). MSL received a postdoctoral scholarship
from ANEEL/CEMIG (Project GT-599). Part of field sam-
pling and aquatic insects processing were funded by Con-
selho Nacional de Desenvolvimento Cientifico e Tecnoldgico
(CNPq; 403758/2021-1); Fundagdo de Amparo a Pesquisa
do Estado do Amazonas (FAPEAM; Programa Biodiversa)
and INCT ADAPTA II — (CNPq: 465540/2014-7; FAPEAM:
062.1187/2017). NH (308970/2019-5) received productiv-
ity fellowships from CNPq. RTM received a fellowship from
Biodiversa/FAPEAM (01.02.016301.03271/2021-93). KLM
acknowledges financial support from the Swiss Federal Office
for the Environment to undertake data collection. Funding for
the Segura River basin project was provided by the Seneca
Foundation and the European Fund of Regional Development
(PLP10/FS/97). FOR was supported by CNPq research grant.
TS was partially funded by grant 13/50424-1 and 21/00619-7
from the Sdo Paulo Research Foundation (FAPESP), and by
grant 309496/2021-7 from the Conselho Nacional de Desen-
volvimento Cientifico e Tecnolégico (CNPq). FVN was sup-
ported by grant #2021/13299-0, Sdo Paulo Research Founda-
tion (FAPESP). ALA acknowledges Brazilian National Council
for Scientific and Technological Development (CNPq, Brazil)
for granting a postdoctoral scholarship to her (process number:
167873/2022-9).

Author contributions HS and JH: devised the original study
idea and led the writing. JH, JGG, LMB and HS: planned



Landsc Ecol (2024) 39:86

Page 150f 18 86

the statistical analyses. JGG: wrote the R scripts and HS: ran
the analyses. PB, LSB, MC, DMPC, KC, ZC, MF, NF, BAG,
JDGT, EG, PH, NH, MJH, LJ, JFJ, APJF, ZL, RL, MSL, ALA,
DRM, KLM, AMD, DM, NM, NLP, RJR, FOR, VSS, LS,
RBS, AS, TS, RTM, FVN, BW, JW, ZX, and JH: provided field
data. SD and JRGM: provided catchment environmental vari-
ables. All authors, including JA, JH, TD, and NB: contributed
to revising the manuscript drafts and accepted the final manu-
script version.

Funding Open Access funding provided by University of
Oulu (including Oulu University Hospital). The work for this
article was supported by the Academy of Finland’s grant to
JHeino for the project GloBioIrends (Grant No. 331957).
JGG was funded by the European Union Next Generation
EU/PRTR (Grant No. AG325). Work by LMB has been con-
tinuously supported by the National Council for Scientific
& Technological Development (CNPq) and Fundagdo de
Amparo a Pesquisa do Estado de Goids (FAPEG) (grants
308974/2020—4 and 465610/2014-5). PB and ZC were finan-
cially supported by the National Research Development and
Innovation Office (NKFIH FK 135 136), and PB was sup-
ported by the Janos Bolyai Research Scholarship of the Hun-
garian Academy of Sciences BO-00106-21. LB thanks the
National Council for Scientific and Technological Develop-
ment (CNPq) for the Scientific Initiation Fellowship for JVASS
and the productivity fellowship in research to LSB (process
n°. 305929/2022-4). MC was awarded National Council for
Scientific & Technological Development (CNPq) research
productivity grant 304060/2020-8 and received grants (PPM
00104-18, APQ-00261-22) from the Fundagdo de Amparo a
Pesquisa do Estado de Minas Gerais. SD and JRGM acknowl-
edge funding by the Leibniz Competition (Grant No. J45/2018)
and the German Federal Ministry of Education and Research
(BMBF grant agreement number no. 033W034A). DRM was
supported by National Council for Scientific & Technological
Development (CNPq) (Grant No. PQ-309763-2020-7). DMPC
received a postdoctoral scholarship from P&D Aneel- Cemig
GT-611. PH was partially funded by the eLTER PLUS project
(Grant Agreement No. 871128). LJ is grateful to 33 Forest,
CIKEL Ltd. and Instituto de Floresta Tropical (IFT), Biodiver-
sity Research Consortium Brazil-Norway (BRC), and Norsk
Hydro for the financial and logistical support for sampling.
Brazilian National Council for Scientific and Technological
Development (CNPq) is acknowledged for financing the pro-
jects and for granting a research productivity fellowship to LJ
(304710/2019-9). APJF was supported by Conselho Nacional
de Desenvolvimento Cientifico e Tecnolégico (CNPq, Bra-
zil, process no. 449315/2014-2 and 481015/2011-6). RL
also received a research productivity fellowship from CNPq
(grant # 312531/2021-4). MSL received a postdoctoral schol-
arship from ANEEL/CEMIG (Project GT-599). Part of field
sampling and aquatic insects processing were funded by Con-
selho Nacional de Desenvolvimento Cientifico e Tecnoldgico
(CNPq; 403758/2021-1); Fundacdo de Amparo a Pesquisa
do Estado do Amazonas (FAPEAM; Programa Biodiversa)
and INCT ADAPTA II — (CNPq: 465540/2014-7; FAPEAM:
062.1187/2017). NH (308970/2019-5) received productiv-
ity fellowships from CNPq. RTM received a fellowship from
Biodiversa/FAPEAM (01.02.016301.03271/2021-93). KLM
acknowledges financial support from the Swiss Federal Office

for the Environment to undertake data collection. Funding for
the Segura River basin project was provided by the Seneca
Foundation and the European Fund of Regional Development
(PLP10/FS/97). FOR was supported by CNPq research grant.
TS was partially funded by grant 13/50424—1 and 21/00619-7
from the Sdo Paulo Research Foundation (FAPESP), and by
grant 309496/2021-7 from the Conselho Nacional de Desen-
volvimento Cientifico e Tecnolégico (CNPq). FVN was sup-
ported by grant #2021/13299-0, Sao Paulo Research Founda-
tion (FAPESP). ALA acknowledges Brazilian National Council
for Scientific and Technological Development (CNPq, Brazil)
for granting a postdoctoral scholarship to her (process number:
167873/2022-9).

Data availability Fully editable R code will be published on
Zenodo upon acceptance. Some of the observations are from
third parties and are thus not available to the public. The data
used in this study are available from the corresponding author
upon reasonable request.

Declarations

Conflict of interest The authors declare no conflict of inter-
est.

Open Access This article is licensed under a Creative Com-
mons 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 Crea-
tive Commons 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

Abatzoglou JT, Dobrowski SZ, Parks SA, Hegewisch KC
(2018) Terraclimate, a high-resolution global dataset of
monthly climate and climatic water balance from 1958—
2015. Sci Data 5:170191.

Alahuhta J, Kosten S, Akasaka M, Auderset D, Azzella MM,
Bolpagni R, Heino J (2017) Global variation in the beta
diversity of lake macrophytes is driven by environ-
mental heterogeneity rather than latitude. J Biogeogr
44(8):1758-1769.

Alahuhta J, Garcia-Gir6n J, Hjort J, Salminen H, Tukiainen H,
Heino J (2023) Quantitative measurement of geodiversity
uniqueness: research implications and conservation appli-
cations. Philos Trans Royal Soc a: Math, Phys Eng Sci.
https://doi.org/10.1098/rsta.2023.0056

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1098/rsta.2023.0056

86 Page 16 of 18

Landsc Ecol (2024) 39:86

Albert JS, Destouni G, Duke-Sylvester SM, Magurran AE,
Oberdorff T, Reis RE, Ripple WJ (2021) Scientists’ warn-
ing to humanity on the freshwater biodiversity crisis.
Ambio 50:85-94.

Allan JD (2004) Landscapes and riverscapes: The influence of
land use on stream ecosystems. Annu Rev Ecol Evol Syst
35:257-284.

Allan JD, Castillo MM (2007) Stream Ecology: Structure and
Function of Running Waters, 2nd edn. Chapman and Hall,
New York

Amatulli G, Gracia Marquez J, Sethi T, Kiesel J, Grigoropou-
lou A, Ublacker MM, Domich S (2022) Hydrography90m:
a new high-resolution global hydrographic dataset. Earth
Syst Sci Data 14:4525-4550

Anderson MJ (2006) Distance-based tests for homogeneity of
multivariate dispersions. Biometrics 62:245-253.

Anderson MJ, Crist TO, Chase JM, Vellend M, Inouye BD,
Freestone AL, ...., & Swenson, N.G. (2011) Navigating
the multiple meanings of b diversity: a roadmap for the
practicing ecologist. Ecol Lett 14:19-28.

Astorga A, Death R, Death F, Paavola R, Chakraborty M,
Muotka T (2014) Habitat heterogeneity drives the geo-
graphical distribution of beta diversity: the case of New
Zealand stream invertebrates. Ecol Evol 4:2693-2702.

Becker DJ, Streicker DG, Altizer S (2018) Using host spe-
cies traits to understand the consequences of resource
provisioning for host-parasite interactions. J Anim Ecol
87:511-525.

Bonacina L, Fasano F, Mezzanotte V, Fornaroli R (2022)
Effects of water temperature on freshwater macroinverte-
brates: a systematic review. Biol Rev 98(1):191-221.

Borenstein M, Hedges LV, Higgins JP, Rothstein HR (2021)
Introduction to meta-analysis. Wiley, Hoboken

Brito JG, Martins RT, Oliveira VC, Hamada N, Nessimian JL,
Hughes RM, de Paula FR (2018) Biological indicators of
diversity in tropical streams: congruence in the similarity
of invertebrate assemblages. Ecol Indic 85:85-92.

Bucher R, Andres C, Wedel MF, Entling MH, Nickel H (2016)
Biodiversity in low-intensity pastures, straw meadows,
and fallows of a fen area—A multitrophic comparison. Agr
Ecosyst Environ 219:190-196.

Burnham KP, Anderson DR (2002) Model Selection and Mul-
timodel Inference: A Practical Information-Theoretic
Approach, 2nd edn. Springer, New York

Butchart SH, Walpole M, Collen B, van Strien A, Scharlemann
JP, Almond RE, Watson R (2010) Global biodiversity:
indicators of recent declines. Science 328:1164—1168.

Carvallo FR, Strickland BA, Kinard SK, Reese BK, Hogan
JD, Patrick CJ (2022) Structure and functional composi-
tion of macroinvertebrate communities in coastal plain
streams across a precipitation gradient. Freshw Biol
67(10):1725-1738.

Castro E, Siquiera T, Melo AS, Bini LM, Landeiro VL, Sch-
neck F (2019) Compositional uniqueness of diatoms and
insects in subtropical streams is weakly correlated with
riffle position and environmental uniqueness. Hydrobio-
logia 842:219-232.

Catford JA, Wilson JRU, Pysek P, Hulme PE, Duncan RP
(2022) Addressing context dependence in ecology. Trends
Ecol Evol 37(2):158-170.

@ Springer

Ceballos G, Ehrlich PR, Dirzo R (2017) Biological annihilation
via the ongoing sixth mass extinction signaled by verte-
brate population losses and declines. Proc Natl Acad Sci
114(30):E6089-E6096.

Cohen J (1992) A power primer. Psychol Bull 112(1):155-159.

Colares LF, de Assis Montag LF, Dunck B (2022) Habitat loss
predicts the functional extinction of fish from Amazo-
nian streams during the Anthropocene. Sci Total Environ
838(2):156210.

da Silva PG, Herndndez MIM, Heino J (2018) Disentangling
the correlates of species and site contributions to beta
diversity in dung beetle assemblages. Divers Distrib
24:1674-1686.

SDomisch VBremerich YTorres-Cambas AGrigoropou-
lou JRGarcia Marquez GAmatulli RAdrian 2023 Get-
ting freshwater spatiotemporal data on track — towards
the interoperability of freshwater-specific data Zenodo
10.5281/zen0do.7888389 Domisch S, Bremerich V, Tor-
res-Cambas Y, Grigoropoulou A, Garcia Marquez JR,
Amatulli G, Adrian R (2023) Getting freshwater spati-
otemporal data on track — towards the interoperability of
freshwater-specific data. Zenodo. https://doi.org/10.5281/
zenodo.7888389

Dutilleul P (1993) Modifying the t test for assessing the cor-
relation between two spatial processes. Biometrics
49:305-314

Ellis EC (2021) Land use and ecological change: a 12,000-year
history. Annu Rev Environ Resour 46:1-33.

Eriksen TE, Brittain JE, Sgli G, Jacobsen D, Goethals P,
Friberg N (2021) A global perspective on the application
of riverine macroinvertebrates as biological indicators
in Africa, South-Central America. Mexico and Southern
Asia Ecol Indic 126:107609.

ESA. Land Cover CCI Product User Guide Version 2. Tech.
Rep. (2017). Available at: maps.elie.ucl.ac.be/CCl/viewer/
download/ESACCI-LC-Ph2-PUGvV2_2.0.pdf

Garcia-Gir6n J, Tolonen KT, Soininen J, Snére H, Pajunen V,
Heino J (2022) Anthropogenic land-use impacts on the
size structure of macroinvertebrate assemblages are jointly
modulated by local conditions and spatial processes. Envi-
ron Res 204:112055.

Garcia-Girén J, Bini LM, Heino J (2023) Shortfalls in our
understanding of the causes and consequences of func-
tional and phylogenetic variation of freshwater communi-
ties across continents. Biol Cons 282:110082.

Gossner M, Lewinsohn T, Kahl T, Grassein F, Boch S, Prati
D, Allan E (2016) Land-use intensification causes multi-
trophic homogenization of grassland communities. Nature
540:266-269.

Gronroos M, Heino J, Siqueira T, Landeiro VL, Kotanen J,
Bini LM (2013) Metacommunity structuring in stream
networks: roles of dispersal mode, distance type and
regional environmental context. Ecol Evol 3:4473-4487.

Haase P, Bowler DE, Baker NJ, Bonada N, Domisch S, Gar-
cia Marquez J, Welti EAR (2023) The recovery of Euro-
pean freshwater biodiversity has come to a halt. Nature
620:582-588.

Harding JS, Benfield EF, Bolstad PV, Jones EBD (1998)
Stream biodiversity: the ghost of land use past. Proc Natl
Acad Sci 95:14843-14847.


https://doi.org/10.5281/zenodo.7888389
https://doi.org/10.5281/zenodo.7888389

Landsc Ecol (2024) 39:86

Page 170f 18 86

Heino J (2015) Approaches, potentials and pitfalls of applying
bioindicators in freshwater ecosystems. In: Lindenmayer
DB, Pierson J, Barton P (eds) Surrogates and Indicators of
Biodiversity and Environmental Change. CSIRO Publish-
ing and CRC Press, Melbourne, pp 91-100

Heino J, Gronroos M (2014) Untangling the relation-
ships among regional occupancy, species traits and
niche characteristics in stream invertebrates. Ecol Evol
4:1931-1942.

Heino J, Gronroos M (2017) Exploring species and site con-
tributions to beta diversity in stream insect assemblages.
Oceologia 183:151-160.

Heino J, Koljonen S (2022) A roadmap for sustaining biodi-
versity and ecosystem services through joint conservation
and restoration of northern drainage basins. Ecol Solut
Evid 3(2):e12142.

Heino J, Gronroos M, Soininen J, Virtanen R, Muotka T (2012)
Context dependence and metacommunity structuring in
boreal headwater streams. Oikos 121:537-544.

Heino J, Gronroos M, Ilmonen J, Karhu T, Niva M, Paasivirta
L (2013) Environmental heterogeneity and beta diversity
of stream macroinvertebrate communities at intermediate
spatial scales. Freshw Sci 32:142—-154.

Heino J, Melo AS, Bini LM (2015a) Reconceptualising the
beta diversity-environmental heterogeneity relationship in
running water systems. Freshw Biol 60:223-235.

Heino J, Melo AS, Bini LM, Altermatt F, Al-Shami SA, Ange-
ler, D..., & Townsend, C. R. (2015b) A comparative anal-
ysis reveals weak relationships between ecological factors
and beta diversity of stream insect metacommunities at
two spatial levels. Ecol Evol 5(6):1235-1248.

Heino J, Bini LM, Andersson J, Bergsten J, Bjelke U, Johans-
son F (2017) Unravelling the correlates of species rich-
ness and ecological uniqueness in a metacommunity of
urban pond insects. Ecol Ind 73:422-431.

Heino J, Alahuhta J, Bini LM, Cai Y, Heiskanen A-S, Hellsten
S, Angeler DG (2021) Lakes in the era of global change:
moving beyond single-lake thinking in maintaining biodi-
versity and ecosystem services. Biol Rev 96(1):89-106.

Heino J, Garcia-Gir6n J, Himildinen H, Hellsten S, Ilmonen
J, Karjalainen J, Tolonen KT (2022) Assessing the con-
servation priority of freshwater lake sites based on taxo-
nomic, functional and environmental uniqueness. Divers
Distrib 28:1966-1978.

Hutchinson GE (1957) Concluding remarks. Cold Spring Harb
Symp Quant Biol 22:415-427.

Jeppesen E, Peder-Jensen J, Sondergaard M, Lauridsen TL,
Landkildehus F (2000) Trophic structure, species richness
and biodiversity in Danish lakes: changes along a phos-
phorus gradient. Freshw Biol 45:201-218.

Koricheva J, Gurevich J (2014) Uses and misuses of meta-anal-
ysis in plant ecology. J Ecol 102:828-844.

Landeiro VL, Franz B, Heino J, Siqueira T, Bini LM (2018)
Species-poor and low-lying sites are more ecologically
unique in a hyperdiverse Amazon region: evidence from
multiple taxonomic groups. Divers Distrib 24(7):966-977.

Larsen S, Ormerod SJ (2014) Anthropogenic modification dis-
rupts species co-occurrence in stream invertebrates. Glob
Change Biol 20(1):51-60.

Legendre P, de Caceres M (2013) Beta diversity as the variance
of community data: dissimilarity coefficients and parti-
tioning. Ecol Lett 16(8):951-963.

Li Z, Heino J, Song Z, Jiang X, Wang J, Liu Z, Xie Z (2021)
Spatio-temporal variation of macroinvertebrate metacom-
munity organization in a monsoon-climate region. J Bio-
geogr 48(12):3118-3130.

Linares ML, Macedo DR, Hughes RM, Castro DMP, Callisto
M (2023) The past is never dead: Legacy effects alter the
structure of benthic macroinvertebrate assemblages. Lim-
netica 42(1):55-67.

Lindholm M, Alahuhta J, Heino J, Toivonen H (2020) No
biotic homogenisation across decades but consistent
effects of landscape position and pH on macrophyte com-
munities in boreal lakes. Ecography 43(2):294-305.

Lynch AJ, Cooke SJ, Arthington AH, Baigun C, Bossenbroek
L, Dickens C, Jahning SC (2023) People need freshwater
biodiversity. Wiley Interdiscip Rev: Water 10(3):e1633.

Maasri A, Jahnig S, Adamescu M, Adrian R, Baigun C, Baird
D, Worischka S (2022) A global agenda for advancing
freshwater biodiversity research. Ecol Lett 25:255-263.

Maloney KO, Feminella JW, Mitchell RM, Miller SA, Mulhol-
land PJ, Houser JN (2008) Landuse legacies and small
streams: identifying relationships between historical land
use and contemporary stream conditions. ] N Am Benthol
Soc 27(2):280-294.

Nessimian JL, Venticinque EM, Zuanon J, de Marco Jr
P, Gordo M, Fidelis L, Juen L (2008) Land use, habi-
tat integrity, and aquatic insect assemblages in Central
Amazonian streams. Hydrobiologia 614:117-131.

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P,
McGlinn D, Wagner H (2020). vegan: Community Ecol-
ogy Package. R package version 2.5-7, https://CRAN.R-
project.org/package=vegan

Petsch DK, Blowes SA, Melo AS, Chase JM (2021) A syn-
thesis of land use impacts on stream biodiversity across
metrics and scales. Ecology 102(11):e03498.

Poggio L, de Sousa LM, Batjes NH, Heuvelink GBM, Kem-
pen B, Ribeiro E, Rossiter D (2021) SoilGrids 2.0: pro-
ducing soil information for the globe with quantified
spatial uncertainty. SOIL 7(1):217-240

Pozzobom UM, Heino J, da Silva Brito MT, Landeiro VL
(2020) Untangling the determinants of macrophyte beta
diversity in tropical floodplain lakes: insights from eco-
logical uniqueness and species contributions. Aquat Sci
82:56.

R Core Team (2021). R: A Language and Environment for
Statistical Computing (Version 4.0.2). Vienna, Austria:
R Foundation for Statistical Computing. Available at
https://www.R-project.org/ Accessed 5 Sep 2022

Reid AJ, Carlson AK, Creed IF, Eliason EJ, Gell PA, John-
son TJ, Cooke SJ (2019) Emerging threats and persistent
conservation challenges for freshwater biodiversity. Biol
Rev 94:849-873.

Santos EP, Wagner HH, Ferraz SF, Siqueira T (2020) Inter-
active persistent effects of past land-cover and its tra-
jectory on tropical freshwater biodiversity. J Appl Ecol
57:2149-2158.

Schneck F, Bini LM, Melo AS, Petsch DK, Saito VS, Wen-
grat S, Siqueira T (2022) Catchment scale deforestation

@ Springer


https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://www.R-project.org/

86 Page 18 of 18

Landsc Ecol (2024) 39:86

increases the uniqueness of subtropical stream communi-
ties. Oecologia 199:671-683.

Scotti A, Fiireder L, Marsoner T, Tappeiner U, Stawinoga AE,
Bottarin R (2020) Effects of land cover type on commu-
nity structure and functional traits of alpine stream ben-
thic macroinvertebrates. Freshw Biol 65(3):524-539.

Sévéque A, Gentre LK, Lépez-Bao JV, Yarnell RW, Uzal A
(2020) Human disturbance has contrasting effects on
niche partitioning within carnivore communities. Biol Rev
95:1689-1705.

Shehab ZN, Jamil NR, Aris AZ, Shafie NS (2021) Spatial vari-
ation impact of landscape patterns and land use on water
quality across an urbanized watershed in Bentong. Malays
Ecol Indic 122:107254.

Siqueira T, Lacerda CGLT, Saito VS (2015) How does land-
scape modification induce biological homogeniza-
tion in tropical stream metacommunities? Biotropica
47:509-516.

Socolar JB, Gilroy JJ, Kunin WE, Edwards DP (2016) How
should beta-diversity inform biodiversity conservation?
Trends Ecol Evol 31(1):67-80.

Soininen J, Bartels P, Heino J, Luoto M, Hillebrand H (2015)
Toward more integrated ecosystem research in aquatic
and terrestrial environments. Bioscience 65:174-182.

Sor R, Legendre P, Lek S (2018) Uniqueness of sampling site
contributions to the total variance of macroinvertebrate
communities in the Lower Mekong Basin. Ecol Ind
84:425-432.

Sponseller RA, Benfield EF, Valett HM (2001) Relationships
between land use, spatial scale and stream macroinverte-
brate communities. Freshw Biol 46(10):1409-1424.

Stein A, Kreft H (2015) Terminology and quantification
of environmental heterogeneity in species-richness
research. Biol Rev 90(3):815-836.

Stein A, Gerstner K, Kreft H (2014) Environmental het-
erogeneity as a universal driver of species richness
across taxa, biomes and spatial scales. Ecol Lett
17(7):866-880.

Stendera S, Adrian R, Bonada N, Cafiedo-Argiielles M,
Hugueny B, Hering D (2012) Drivers and stressors of
freshwater biodiversity patterns across different ecosys-
tems and scales: a review. Hydrobiologia 696:1-28.

Strayer DL, Dudgeon D (2010) Freshwater Biodiversity con-
servation: recent progress and future challenges. Freshw
Sci 29:344-358.

Tews J, Brose U, Grimm V, Tielborger K, Wichmann MC,
Schwager M, Jeltsch F (2004) Animal species diversity
driven by habitat heterogeneity/diversity: the impor-
tance of key stone structures. J Biogeogr 31:79-92.

Tonkin JD, Heino J, Sundermann A, Haase P, Jihnig S
(2016) Context dependence in biodiversity patterns of
central German stream metacommunities. Freshw Biol
61:607-620.

Vallejos R, Osorio F, Bevilacqua M (2020) Spatial Rela-
tionships Between Two Georeferenced Variables: with
Applications in R. Springer, New York

@ Springer

Vannote RL, Minshall GW, Cummins KW, Sedell JR, Cush-
ing CE (1980) The river continuum concept. Can J
Fish Aquat Sci 37(1):130-137. https://doi.org/10.1139/
£80-017

Varanka S, Luoto M (2012) Environmental determinants
of water quality in boreal rivers based on partitioning
methods. River Res Appl 28:1034-1046.

Venter O, Sanderson EW, Magrach A, Allan JR, Beher J,
Jones KR, Watson JE (2016) Sixteen years of change in
the global terrestrial human footprint and implications
for biodiversity conservation. Nat Commun 7:12558.

Venter, O., Sanderson, E.W., Magrach, A., Allan, J.R.,
Beher, J., Jones, K.R., ...., & Watson, J. E. (2018). Last
of the Wild Project, Version 3 (LWP-3): 2009 Human
Footprint, 2018 Release. Palisades, New York: NASA
Socioeconomic Data and Applications Center (SEDAC).
https://doi.org/10.7927/H46T0JQ4. Accessed 13 Jun
2022

Vianello A (ed) (2015) Rivers in Prehistory, 7th edn. Archaeo-
press Publishing, Oxford

Viechtbauer W (2010) Conducting meta-analyses in R with the
metafor package. J Stat Softw 36(3):1-48.

Vilmi A, Karjalainen S-M, Heino J (2018) Ecological unique-
ness of stream and lake diatom communities shows differ-
ent macroecological patterns. Divers Distrib 23:9.

Vinson MR, Hawkings CP (2003) Broad-scale geographical
patterns in local stream insect genera richness. Ecography
26(6):751-767.

Wade KR, Ormerod SJ, Gee AS (1989) Classification and ordi-
nation of macroinvertebrate assemblages to predict stream
acidity in upland Wales. Hydrobiologia 171:59-78.

Wang X, Tan X (2017) Macroinvertebrate community in
relation to water quality and riparian land use in a sub-
stropical mountain stream, China. Environ Sci Pollut Res
24:14682-14689.

Whittaker RH (1960) Vegetation of the Siskiyou mountains,
Oregon and California. Ecol Monogr 30(3):279-338.
Whittaker RH (1972) Evolution and measurement of species

diversity. Taxon 21(2-3):213-251.

Wiens JJ (2015) Explaining large-scale patterns of vertebrate
diversity. Biol Lett 11:20150506. https://doi.org/10.1098/
rsbl.2015.0506

Zorzal-Almeida S, Bini LM, Bicudo DC (2017) Beta diversity
of diatoms is driven by environmental heterogeneity, spa-
tial extent and productivity. Hydrobiologia 800:7-16.

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


https://doi.org/10.1139/f80-017
https://doi.org/10.1139/f80-017
https://doi.org/10.7927/H46T0JQ4
https://doi.org/10.1098/rsbl.2015.0506
https://doi.org/10.1098/rsbl.2015.0506

	The relationships between biotic uniqueness and abiotic uniqueness are context dependent across drainage basins worldwide
	Abstract 
	Context 
	Objectives 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Datasets
	Statistical methods

	Results
	Discussion
	Acknowledgements 
	References


