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ABSTRACT

Aim: There is compelling evidence that drivers and patterns of biodiversity and ecosystem functioning vary across multiple
spatial scales, from global to regional, landscape and patch. However, macroecological processes impacting freshwater biodi-
versity are poorly understood compared to marine and terrestrial ecosystems. Despite step changes in data availability, we have
a fragmented view beyond the local scale of how hydrological and landscape connectivity interact with ecosystem stressors to
shape freshwater biodiversity and functioning. While macroecological patterns can vary substantially among taxonomic groups,
previous studies have focussed on individual habitat types, sites or taxonomic groups within landscapes, hindering direct com-
parisons. We present a cross-landscape, multi-species analysis of the interactive effects of landscape and hydrological connectiv-
ity and stressors on standing freshwater quality and the diversity of several major freshwater taxonomic groups.

Location: Great Britain (United Kingdom).

Time Period: 2000-2016.

Major Taxa Studied: Phytoplankton chlorophyll-a, macrophytes, molluscs, Coleoptera, Odonata, fish and birds.

Methods: Using random forests and generalised additive modelling, we quantified the interactive effects of landscape and hy-
drological connectivity and stressors on water quality (phytoplankton chlorophyll-a) and the diversity of selected taxa in stand-
ing freshwaters.

Results: We found evidence of connectivity changing from positive to negative relationships with biotic responses with increas-
ing human-induced stress levels. Some species groups showed the inverse, reflecting complexities of modelling at large, cross-
landscape scales. Almost all responses were affected by stress or connectivity, often interacting and with non-linear relationships.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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Main Conclusions: Patterns in stressor-connectivity interactions differed across taxa, but were important in shaping 6 of 8

biotic responses. This emphasises the need for taxon-specific analyses to resolve freshwater ecological responses to stressors,

connectivity, and their interactions. Our results also highlight that connectivity effects must be integrated in landscape-scale,

evidence-led decision-making, designed to reduce impacts of stressors on water quality and biodiversity.

1 | Introduction

Macroecological patterns vary substantially according to tax-
onomic group and ecosystem type (Heino 2011), yet studies to
date have focussed on individual habitat types or taxonomic
groups within discrete geographic landscapes or predominant
land use types (Stendera et al. 2012). Predictable macroecolog-
ical patterns in terrestrial and marine environments are well
documented (Hillebrand 2004), but the same cannot be said for
freshwater environments, despite their global representation,
disproportionately high biodiversity and high rates of ende-
mism (Heino 2011; Collen et al. 2014). Freshwater biodiversity
is declining at faster rates than in other major environments,
primarily due to human-induced stressors (Dudgeon 2019; Reid
et al. 2019; Darwall et al. 2018). Furthermore, habitat destruc-
tion, pollution, overexploitation, biological invasions and cli-
mate change are all key drivers of biodiversity decline in fresh
waters (Dudgeon 2019; IPBES 2019; Albert et al. 2021). These
impacts are further influenced by changes in hydrological and
landscape connectivity being shaped by land use and climate
change (Revenga et al. 2005), raising the need to better under-
stand how this connectivity drives species distributions and eco-
system processes (Ormerod et al. 2010).

Connectivity among sites is recognised as a vital attribute of
an ecological network, allowing both the exchange of energy
and matter, and species to feed, disperse, migrate, reproduce,
and avoid or recover from disturbance (Lawton et al. 2010;
Fergus et al. 2017). For this reason, enhancing and restoring
connectivity is explicitly highlighted in Goal A and Target
2 of the Kunming Montreal Global Biodiversity Framework
(United Nations Convention on Biological Diversity 2022). It
is often recommended that alongside enhancing connectivity
among sites (directly via corridors such as rivers and canals, or
indirectly via ‘stepping stones’ such as lakes and ponds), these
sites must be of high quality themselves (Lawton et al. 2010).
However, within fragmented landscapes with intense human
land use, there is a danger in viewing enhanced freshwa-
ter connectivity as universally positive. Connecting poorer
quality freshwater habitats can lead to unintended negative
outcomes, and under such situations, one might expect a neg-
ative association between biodiversity and habitat connectiv-
ity (Olden et al. 2018). For example, increased connectivity
may facilitate the movement of non-native species (Chapman
et al. 2020; Fausch et al. 2009), spread pollutants, or increase
homogenisation of biotic communities (Salgado et al. 2018),
all of which may exacerbate the loss of biodiversity and eco-
system function (Strecker and Brittain 2017).

The effects of known and emerging, synergistic, antagonistic,
and additive stressor combinations on freshwater biodiversity
are increasingly recognised as a major concern for freshwa-
ter biodiversity (Jackson et al. 2016; Birk et al. 2020), with a

growing literature assessing biodiversity responses to stress-
ors (often using land use as a proxy (Stendera et al. 2012)),
while also acknowledging the complexity of this issue (Craig
et al. 2017). However, despite this interest, the effects and pos-
sible interactions between stressors and connectivity are rarely
studied. This may be in part due to the difficulty in quantify-
ing the most ecologically meaningful dimensions of connectiv-
ity for both habitats and their functionally diverse biota (e.g.,
temporal vs. spatial, potential vs. realised, incidence vs. regu-
lar events). Given this, many studies resort to coarse, simple
metrics as proxies, such as connectivity measures within buffer
zones around water bodies, or the distances among neighbour-
ing freshwater habitats (Law et al. 2019; Juracka et al. 2019).
Simple, single metrics are useful and often significantly explain
biodiversity patterns (O'Hare et al. 2012). However, whilst in-
dicative, they may fail to capture the complex, multidimen-
sional nature of connectivity, which might be better reflected
via multiple metrics that incorporate habitat extent (e.g., water
area), surrounding land quality and fragmentation (e.g., land
use) and biological elements, including vectors of dispersal
(e.g., by humans and waterfowl).

To protect and restore freshwater habitats, a better under-
standing of the relationships between freshwater biodiversity,
landscape connectivity, and the interactions between this and
human-induced stress is urgently needed (Hill et al. 2021;
Heino et al. 2021). Yet, a general understanding of whether
species’ responses to connectivity and stressor interactions
are generalisable or taxon-specific is lacking. Therefore, out-
comes of habitat restoration and creation efforts remain un-
certain. Several decades of work by volunteers, natural history
societies, conservation NGOs, and environmental agencies to
improve data gathering, standardisation, and accessibility
to online databases now make analyses to address this need
feasible (Jetz et al. 2012). By utilising long-term and spatially
explicit datasets for standing freshwaters, our aim was to
quantify how anthropogenic stressors and connectivity act
singly and in combination (main and interactive effects) to im-
pact water quality (phytoplankton chlorophyll-a) and the bio-
diversity (species richness) of selected, functionally important
freshwater biota (macrophytes, molluscs, beetles, Odonates,
fish and birds), representing multiple trophic levels (primary
producers to apex predators) across the landscape of Great
Britain. Specifically, we hypothesised that:

Hypothesis 1. Freshwater habitats with low stressor expo-
sure, and high connectivity to other habitats, will support higher
water quality and greater biodiversity of each taxonomic group,
but:

Hypothesis 2. For habitats with high stressor exposure, this
directionality will reverse, that is, high connectivity will support
lower water quality and low biodiversity.
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Hypothesis 3. Water quality and taxonomic groups will be
most sensitive to different indicators of connectivity (e.g., hydro-
logical or landscape proximity), due to intrinsic differences in mo-
bility and dispersal mechanisms.

2 | Methods

2.1 | Data

Taking a multi-scale spatial approach (Fergus et al. 2017;
Soranno et al. 2017), we used a suite of lake and catchment, con-
nectivity and stressor metrics covering standing freshwater bod-
ies in Great Britain, which are described in detail in Section S2
of the Supporting Information. Our data cover a supra-regional
scale, that is, a large area comprising multiple landscape types.
Our response data (Figure 1), representing standing freshwa-
ter biodiversity, were species richness (i.e., number of species)
of macrophytes, molluscs, beetles, Odonata, wetland birds that
feed or breed in, or by, standing waters, and freshwater fish.
Collectively, these species vary greatly in potential dispersal
rates and mechanisms, and trophic position. We also analysed
phytoplankton chlorophyll-a as a widely used biological indi-
cator of water quality, which is sensitive to land-use stressors
such as nutrient pollution. Due to the well-documented effect
of lake depth on the response of phytoplankton chlorophyll-a to
nutrient pollution from catchments (Phillips et al. 2008), chloro-
phyll-a analyses were conducted separately for shallow and deep
lakes (i.e., lakes of less than, or greater than, 5m mean depth
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to group them into deep lakes, typically stratifying, vs. shallow
lakes with mixed water columns and extensive littoral habitat).
Data were either collected from each waterbody or within 1km
grid squares and subsequently matched to waterbodies, as de-
scribed in Subsection S2.5 of the Supporting Information.

2.2 | Statistical Analyses

Due to the large numbers of potential covariates for each re-
sponse and a lack of prior knowledge about the form of any
relationships, we took a variable selection approach that made
no assumptions about the shapes of potential relationships,
and we used a flexible regression approach to model the com-
plex relationships between the responses and covariates. For
each response, we carried out variable selection using condi-
tional inference tree-based Random Forests (Strobl et al. 2007,
2009), using the conditional variable importance method (Strobl
et al. 2008), and taking the approach of Genuer et al. (2010). We
transformed highly skewed covariates and used only one of each
group of highly related covariates in the variable selection. We
used generalised additive models, GAMs, (Wood 2017) to flex-
ibly model nonlinear relationships between the response and
covariates, allowing for bivariate smooths representing interac-
tions between stressor and connectivity metrics, and allowing
for non-Gaussian response distributions. More details of the
methods are given in Section S3 of the Supporting Information,
while model error distributions and link functions are presented
in Table 2.
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FIGURE1 |

Locations of observations for each biological response within Great Britain, within either standing waterbodies (lakes and ponds)

or Ordnance Survey (Great Britain) National Grid 1km cells, as dictated by the spatial resolution of recording schemes for each response. Points are
coloured by species richness for beetles, molluscs, Odonata, macrophytes, fish and birds, or by mean concentration (ug/L) for chlorophyll-a. (See

Sections S1 and S2 of the Supporting Information for full data details).

3of 14

85UB01 7 SUOLULLOD A1 3[cedt [dde au Aq pauenob 8.2 saoiLe O ‘SN J0 S3|NJ 10) ARIqITaUIIUQO AB]IM UO (SUO T PUOO-PUR-SLLIBY WD A3 1M A eI 1[BU 1 UO//STIY) SUONIPUOD PUe SWLB | 8U) 39S *[6202/90/ET] U0 AridiTaulluO 48|11 *ABojoIpAH % AB0J093 104 8.11UsD NN Aq 69002 GRB/TTTT OT/I0P/LIOY A8 ]I AReiq 1 puljuD//:SANY W) papeo|umod ‘9 ‘SZ0Z ‘8E2899rT



TABLE1 |

Summary of how a biological indicator of water quality (chlorophyll-a concentration) and the richness of each species group respond

to human stressors (agricultural and urban land use), hydrological connectivity, human connectivity, and the interaction between connectivity and

stressors.

Chlorophyll-a,
deep lakes

Response
(columns)

Chlorophyll-a,
shallow lakes

Macrophytes

Molluscs Beetles Odonata Fish Birds

Agricultural X v
and urban
stress

Hydrological X v
connectivity

(not

necessarily

direct—

includes

landscape

connectivity)

Human X X
connectivity

Connectivity- X v
stressor
interactions

v

v v v v v

Note: A tick (v') means that there was a statistically significant relationship between the response and at least one variable (or interaction term) in each covariate group
within the final statistical model for that group, with a cross (X) otherwise. See Table S3 for full details of the final models for each response.

3 | Results

All responses, except for chlorophyll-a concentration in shallow
lakes, showed evidence of association with measures of human
pressure, as indicated by extent of agricultural or urban land
use (Table 1). Chlorophyll-a concentration in deep lakes and
the taxonomic richness of macrophytes, beetles, Odonata, fish,
and birds also showed evidence of association with hydrological
connectivity. Macrophyte, mollusc, fish, and bird richness were
additionally associated with human connectivity. All responses
except chlorophyll-a concentration in shallow lakes and beetle
taxonomic richness showed evidence of associations with con-
nectivity-stressor interactions.

Plots of smooth terms from the final models are given in Figures 2
and 3, with summaries of all variables included in Table 2.

3.1 | Chlorophyll-a Concentration

Our analysis indicated very different responses in shallow
and deep lakes. For shallow lakes, variation in chlorophyll-a
concentration was associated with characteristics of the lake
(River Basin District [RBD] and humic type; Table 2), with the
model explaining 21% of the variance in the response. For deep
lakes, the model explained 77% of the variance in the response.
Chlorophyll-a concentration generally decreased with increas-
ing slope of the surrounding landscape (Figure 2a) and there
was an interaction between river density and the percentage of
agricultural land in the catchment. Chlorophyll-a concentration
was generally higher in catchments with low river densities,
and concentrations increased strongly as percentage agricul-
tural land (catchment scale) increased to about 40%, decreasing
slightly at the highest percentage agricultural land (50%-60%).

Percent agricultural land had little relationship with chloro-
phyll-a concentrations at high values of river density, and river
density had little effect for low percentage agricultural land.

3.2 | Macrophyte Richness

The final model for macrophytes included connectivity, stressor,
and lake typology covariates (Table 2, Figure 2b), explaining 24%
of the variance in richness. Macrophyte species richness was
lower in low alkalinity, humic, isolated, or headwater sites, and
higher in small or very small water bodies. Richness increased
on average with increasing water body perimeter, catchment
mean slope, and 1km buffer mean temperature. In terms of
stressor metrics, richness decreased with increasing catchment
urban land use, and from a connectivity perspective, increased
on average with increasing catchment visits for watersports.

Connectivity-stressor interactions were apparent for mac-
rophyte richness. The effects of Strahler 1 density and pond
area percent both depended on the surrounding agriculture.
Figure 2b shows that macrophyte species richness increased on
average with increasing Strahler 1 density for very low and very
high percentages of surrounding agriculture land use, but this
was reversed for around 20%-40% of agriculture in the buffer.
Richness was estimated to increase on average with increasing
pond area in the buffer (Figure 2b), but with a steeper slope for
higher percentages of agriculture.

3.3 | Mollusc Richness

For mollusc richness, 57% of variance was explained by RBD
(though not necessarily along a North-South gradient), depth
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FIGURE 2 | Fitted smooths for each GAM. (a) Chlorophyll-a concentration in deep lakes; and the richness of (b) macrophytes, (c) molluscs, and

(d) beetles. The model for chlorophyll-a concentration in shallow lakes contained no smooth terms. The dark grey lines and black grids represent

the estimated smooth relationships, while the coloured shading and grids represent the estimated smooths +2 standard errors. The dark grey dots

represent the partial residuals. These are omitted from the perspective plots, for clarity.

(shallow lakes having lower richness than deep lakes) and
geology type (lakes with catchments dominated by lime-
stone having higher mollusc richness than non-limestone-
dominated high alkalinity lakes). Mollusc richness was
influenced by macrophyte richness, with a small decrease
observed at intermediate macrophyte richness (Figure 2c).
Catchment agriculture had both negative and positive effects
on mollusc richness by interacting with visits for watersports
(Figure 2c). Richness was highest in catchments with high
agricultural land cover and a high likelihood of watersports
visits, and was also relatively high for low agriculture and low
watersports visits.

3.4 | Beetle Richness

Approximately 24% of the variance in beetle richness was ex-
plained by the model. Grid cells with catchments with a higher
mean slope or higher urban land use had lower beetle richness,

with significant differences also observed between RBDs
(Table 2). Within lake catchments, there was a negative effect
of lake density and a non-linear relationship between richness
and the area of ponds within a 2 km buffer (i.e., with richness
peaking at intermediate pond areas, Figure 2d). Richness was
estimated to differ between lake size classes, with small lakes
having lower richness than large lakes, but very small lakes hav-
ing higher richness than large lakes. There was limited evidence
of connectivity-stressor interactions for beetle richness.

3.5 | Odonata Richness

Approximately 20% of the variance in Odonata richness was ex-
plained. Greater Odonata richness was found where catchments
had higher mean temperatures, as the distance from the sea in-
creased, and as the pond density increased in the surrounding
buffer (2km, Table 2, Figure 3a). Richness varied among RBDs,
geology types (greater in low to medium alkalinity lakes) and
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lakes of different size types (with small and very small lakes
having a greater species richness).

Modelling suggested the presence of connectivity-stressor in-
teractions. For high agricultural land use, a positive relation-
ship between Strahler 4+ density and Odonata richness was
observed, but no relationship was found under low agricultural
land use. For low Strahler 4+ density, there was a negative rela-
tionship between Odonata richness and agricultural land use,
but for high Strahler 4+ density, the relationship was positive.

For low urban land use, there was no clear relationship between
Odonata richness and river density, but where urban land use
was high, river density had a positive relationship with richness.

There was an overall positive relationship with increasing ob-
stacle (weirs, dams, lock gates, etc.) density, although the effects
were highly variable when obstacle density was at its highest
(Figure 3a).

3.6 | Fish Richness

The model for freshwater fish explained approximately 40% of
the variation in species richness. Fish species richness varied
among Great Britain RBDs and with elevation, being lowest in
Scotland and at higher elevations (Figure 3b).

Richness was highest in larger lakes, at greater distances from
the sea, and in locations with lower air temperatures and rain-
fall. However, there was much variability around these general
trends, which each explained between < 1% and 7.8% of the total
variability in species richness.

Modelling of the fish data suggested interacting effects of human
pressure and connectivity. There was generally higher richness
where the likelihood of watersports visits was lower, but for high
agricultural land cover, higher richness estimates were associ-
ated with a greater likelihood of watersports visits. There was
also a complex interaction between Strahler 4+ segment density
and percentage agriculture, but this explained very little of the
variation in fish species richness.

3.7 | Bird Richness

The final model for bird species richness included nine connec-
tivity variables, explaining approximately 42% of the variation in
the response, including three interaction terms.

Bird species richness varied among RBDs, was significantly
greater in larger lakes (Table 2, Figure 3c), and was negatively
related to landscape Strahler 1 density, riparian mean altitude,
and landscape ponds density.

Human influence by fishing visits had an interactive effect with
agricultural coverage on bird species richness (see Figure 3c).
At low agricultural coverage, bird richness increased with in-
creased fishing visits, whilst for high agricultural coverage,
there was a weak negative effect of fishing visits.

Under low urban land use, there was a positive relationship be-
tween bird species richness and lake density, but increased un-
certainty obscured the relationship for higher percentage urban
land use. For low lake densities, there was a generally negative
relationship between urban cover and bird richness (although
very low increasing values of urban cover had a positive effect).
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TABLE 2 | Summaries of the final fitted models for each response, showing response distributions and adjusted R? values.

orop deep la a og, R?(ad 0
Smooth terms EDF
log(2km mean slope) 1.96
catchment agriculture % * 2km river density 4.51
Chlorophyll in shallow lakes
Factor terms
RBD (Northumbria, Scotland, Solway Tweed) < Anglian
Humic type (humic, poly humic and unclassified) < clear
ophyte Quasipoisso og R? (ad 0.24
Linear terms Estimate (Standard error)
Catchment urban % -0.01 (0.00)
Logit(catchment visits for watersports) 0.08 (0.03)
Smooth terms EDF
log(perimeter) 1.90
log(catchment mean slope) 1.92
1km mean temperature 1.86
1.5km agriculture % * 100m Strahler 1 density 4.72
1.5km agriculture % * 1.5km pond area % 2.79
Factor terms
Size type (small, very small) > large
Connectivity type (drainage upstream, headwater) > drainage; isolated < drainage
Humic type humic > clear; poly humic < clear
Geology type low alkalinity < high alkalinity
o Quasipoisso og R? (ad 0
Smooth terms EDF
Macrophyte species richness 1.91
catchment agriculture % * 2km visits for watersports 3.00
Factor terms
RBD (North West, Severn, Solway Tweed, Western Wales) < Anglian
Depth type (shallow, very shallow) < deep
Geology type Marl > high alkalinity
Beetle egative Binomial(0.89 og R? (ad 0.24
Linear terms Estimate (Standard error)
Log(100m mean slope) -0.34 (0.06)
Log(2km lakes density) -4.08 (1.39)
Sqrt(100m urban %) 0.10 (0.04)
Smooth terms EDF
log(1km pond area %) 1.92
Factor terms
RBD Thames < Anglian
Size type very small > small
Odonata aussia de R? (ad 0

Linear terms Estimate
Catchment mean temperature 0.25
Log(distance to sea) 0.12
Smooth terms EDF
sqrt(2km ponds density) 1.71
100m agriculture % * sqrt(500m Strahler 4+ density) 3.00
500m urban % * log(2km river density) 3.00
500m urban % * sqrt(2km obstacles density) 3.74
Factor terms
RBD (Dee, Humber, North West, Northumbria, Scotland, Severn, Solway Tweed, South East, South West,

Western Wales) < Anglian
Geology type low alkalinity > high alkalinity
Size type (small, very small) > large

Poisso og, R?(ad 0.4
Linear terms Estimate (Standard error)
Log(distance to sea) 0.09 (0.01)
Sgrt(catchment mean minimum monthly rainfall) -0.06 (0.02)
Smooth terms EDF
log(altitude) 1.99
catchment mean minimum temperature 1.67
log(area) 1.98
catchment agriculture % * log(catchment Strahler 4+ density) 11.29
catchment agriculture % * catchment visits for watersports 12.92
Factor terms
RBD (Humber, Scotland, Solway Tweed) < Anglian, Severn > Anglian
Bird a de R? (ad 0.4

Linear terms Estimate (Standard error)
Log(area) 0.95 (0.09)
1.5km Strahler 1 density -0.11 (0.04)
Smooth terms EDF
log(100m mean altitude) 1.1
log(distance to sea) 1.91
sqrt(2km pond density) 1.85
500m urban % * sqrt(2km lake density) 9.92
catchment agriculture % * sqrt(catchment obstacles density) 6.44
catchment agriculture % * 500m visits for fishing 6.22
Factor terms
RBD Northumbria > Anglian, (Scotland, Solway Tweed, Western Wales) < Anglian

Note: Estimates (with standard errors) are given for each linear term, effective degrees of freedom (EDF) are given for each smooth term, and statistically significant
relationships among the levels of factors (i.e., categorical variables) are noted. Smooth interactions are denoted by *. Smooth terms are plotted in Figures 2 and 3.
Further details for all terms are given in Table S4. All p-values for the effects reported are <0.05.
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For high lake densities, we instead found a negative relation-
ship between urban cover and bird richness for lakes with up to
around 10% urban land use nearby, with the relationship being
too uncertain to define as urban land use increased beyond 10%.

4 | Discussion

We believe this to be the first study to investigate the inter-
acting impacts of connectivity and human-induced stress on
multiple taxonomic groups at a supra-regional scale. We found
evidence that connectivity and stress often interact at the land-
scape scale to affect biodiversity (an initial condition for our
first two Hypotheses). However, these biodiversity responses
were far more nuanced than the simple interaction that we ini-
tially expected (Hypotheses 1 and 2). We found evidence that
species richness for each taxonomic group responded differently
to connectivity and stress and that taxonomic groups differed
with respect to the connectivity indicators to which they were
most sensitive (in support of Hypothesis 3). This result is not
unexpected, as freshwater species have a wide range of dispersal
mechanisms, both active and passive (Bilton et al. 2001). Active
dispersal is more prominent in larger species able to swim (fish)
or cross land (amphibia), or with some smaller species that have
adult stages that disperse actively through the air (e.g., beetles
and Odonata). Passive dispersal occurs through the movement
of water, air, or biological vectors. This is largely the case for
macrophytes, phytoplankton (e.g., chlorophyll-a response) and
larval stages of many small invertebrates (e.g., beetles and mol-
luscs). Some macrophytes have developed traits that result in ac-
tive dispersal by proxy through mobile species such as wetland
birds (Figuerola and Green 2002). Generally, dispersal ability
across contrasting organism groups declines with body size, par-
ticularly in lakes, which tend to be less connected than flowing
waters (Shurin et al. 2009).

Despite the expected among-taxa variation in responses, we
identified some common patterns across landscapes and eco-
logical responses (species richness and chlorophyll-a concentra-
tion), which we discuss below.

4.1 | Ecological Responses to Lake and Landscape
Characteristics, Stressors and Connectivity

4.1.1 | Interactions Between Connectivity
and Human-Induced Stress Are the Norm

All models except those for chlorophyll-a concentration in
shallow lakes and for beetle richness included connectivity-
stressor interactions, suggesting that the effects of anthropo-
genic stress on ecosystem state will frequently depend on the
degree of freshwater connectivity, in agreement with the broad
theory behind our Hypotheses 1 and 2. There were few com-
monly occurring interactions across water quality and biologi-
cal groups (e.g., agricultural or urban land use and measures of
hydrological connectivity), but considering their effects is vital
to adequately understand the impacts of both connectivity and
stress on freshwater quality and biodiversity. Therefore, our
models indicate that it is important not to assume a priori that
the same interactions are relevant to all ecological responses.

They also emphasise that modifying connectivity may reshape
how biota experience and respond to stressors in their environ-
ment. These findings agree with our Hypothesis 3 that indi-
cators of connectivity would relate differently to water quality
and different taxonomic groups, but they go beyond this in re-
vealing that the directions of the connectivity-stressor interac-
tions also differ between these groups.

Bivariate smooths of connectivity and agricultural land cover
appeared in models for chlorophyll-a concentration in deep
lakes and richness of macrophytes, Odonata, fish and birds.
Chlorophyll-a in deep lakes and macrophyte richness were
higher at intermediate percentages of agricultural land cover,
dampened in the presence of greater hydrological connectivity.
Plausibly, these responses reflect elevated nutrient runoff from
increasingly hydrologically connected agricultural land, which
is then tempered by higher lake flushing rates associated with a
high surrounding river density, which in turn reduce nutrient re-
tention, as found in cyanobacteria and phytoplankton (Carvalho
et al. 2011; Richardson et al. 2019). The complex relationship
between the richness of Odonata, Strahler 4+ density and ag-
ricultural land cover may indicate that Strahler 4+ density is a
proxy for suitable habitat types in the buffer/catchment, not as
an indicator of density of flowing freshwater, with the presence
of Strahler 44 segments likely indicating heterogeneous, low-
land, floodplain systems that often contain suitable habitats for
Odonates (Chovanec and Waringer 2001).

Macrophyte richness was the only ecological variable with evi-
dence of an interacting effect of connectivity to standing fresh-
water and agricultural land cover. The negative relationship
between macrophyte richness and agricultural land use under
low values of pond area is unexpected, but small in magni-
tude. The positive relationship between richness and agricul-
tural land cover for higher values of pond area agrees with Law
et al. (2019), who found a positive relationship between nearby
agriculture and macrophyte richness in three UK regions, with
a negative relationship identified between richness and agricul-
tural pollutant levels. However, at high levels of agricultural
land use (c. 40%) the impact on richness could be detrimental
(Law et al. 2019), with high variability across the supra-regional
study area.

For Odonata and birds, species richness was related to
connectivity-stressor interactions involving urban land cover.
For Odonata, this stressor interacted with metrics of connec-
tivity to flowing freshwaters, while for birds the relevant con-
nectivity metric represented standing water density (lakes
density). Odonata richness and obstacle density were poten-
tially positively related under high urban land cover, which we
assume reflects variation in water quality, still water habitat
availability, or landscape type rather than a direct effect, since
obstacles are usually found in urban or human-impacted land-
scapes (Atkinson et al. 2018). The positive relationship between
Odonata richness and river density for high percentage urban
land cover agrees with the principle that connectivity can buffer
negative land use effects.

Bird species richness was related positively to lake density under
low urban land use, agreeing with Hypothesis 1, but there was
high uncertainty under high urban land use, possibly due to
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fewer data points (lake density lower in highly urbanised areas),
and/or reflecting the potential difference in relationships in
different contexts (e.g., in England lakes are concentrated in
the north west (Lake District) and south east (Broads National
Park), but landscapes and land uses contrast strongly between
these regions). An increasing bird species richness with in-
creasing lake density was expected as waterbirds with high
dependence on connectivity utilise available nearby resources
(Almeida et al. 2018). The generally positive effect of urban
land use (in the interaction with lake density) could be due to
benefits of supplementary feeding in urban areas or the greater
utilisation of urban areas by common and/or introduced species
(Blair 1996; Galbraith et al. 2015; Harrison et al. 2016), and these
could counteract potential negative effects of a reduction in hab-
itat specificity on more sensitive species at the community level.

Our models suggest that mollusc, fish, and bird richness were
affected by interactions between agricultural land use and
human connectivity (visits for watersports or fishing), provid-
ing support for the initial condition of our Hypotheses but sug-
gesting some nuances rather than the simple interactions under
our Hypotheses 1 and 2. The differing relationship between
mollusc richness and likelihood of visits for watersports under
contrasting levels of agricultural land use most probably relates
to larger lakes generally having more mollusc species (e.g., as
found by Harris et al. (2011) and Carlsson (2001) in the context
of shoreline length of lake islands) and also being more popu-
lar for watersports (e.g., Lake District, Broads National Park).
The complexities of relationships between fish species richness,
agricultural land use and watersports visits may arise from the
combination of multiple interrelationships between human rec-
reational behaviour, site attributes like slipways and car parks,
likelihood of stocking, and risks of species introduction, in
both natural and human-made water bodies (Nunn et al. 2023;
Chovanec and Waringer 2001; Chapman et al. 2020). Bird spe-
cies richness relates positively to visits for fishing under low
agricultural land use, reversing for high agricultural land use.
The positive response under low agricultural cover could reflect
closer proximity to human habitation, with more fishing visits
anticipated close to (but not in) urban areas. In such areas, na-
tive and introduced bird species are more likely to be found, so
fishing may be a proxy, with direct effects being unlikely unless
these reflect a joint attraction of both birds and anglers to fish.
These differing interactions between variables provide support
for our Hypothesis 3.

4.1.2 | Intensive Land Use Is a Key Source
of Ecological Stressors

Chlorophyll-a concentration in shallow lakes was the only re-
sponse to show no statistically significant relationship with the
stressor variables (percentage urban and agricultural land use
in the surrounding landscape). This may be because internal
processes, such as competition with macrophytes for resources
(nutrients and light) and top-down effects of fish, are much
greater in shallow lakes compared with deep lakes, reducing the
effects of land-use stressors on this response (Moss et al. 1997).
Efforts to manipulate trophic cascades and nutrient loading
in the interests of shallow lake restoration may also increase
under more intensive land covers. All other ecological responses

included these stressors as significant model components, often
in interactions (bivariate smooths) with connectivity variables.
For example, urban land use was found to be negatively associ-
ated with beetle and Odonata richness. These relationships may
be explained by water bodies nearer human populations tend-
ing to be less natural and more impacted by human factors (e.g.,
more likely to have physically modified features, to be subject to
higher levels of disturbance and to be exposed to a range of pol-
lutants at higher concentrations arising from waste materials,
sewage and road run-off (Gal et al. 2019), or the negative im-
pacts of invasive species (Chapman et al. 2020)). Furthermore,
agricultural land use effects, while almost ubiquitous, always
appeared as part of interactions with connectivity. Given the
large number of stressor-connectivity interactions we detected,
integrating the connectivity of water bodies is clearly vital if
human-induced stressor impacts on water quality and biodiver-
sity are to be understood and managed.

4.1.3 | Hydrological Connectivity Is the Blueprint
for Ecological Responses

All ecological responses, except chlorophyll-a concentration in
shallow lakes and mollusc richness, had statistically significant
relationships with hydrological connectivity metrics. However,
the fitted effects for hydrological connectivity differed consid-
erably among ecological responses, in terms of the connectivity
metrics selected. Chlorophyll-a concentration in deep lakes, and
the species richness of macrophytes, Odonata, fish and birds
were correlated with connectivity metrics representing linear
freshwater connectivity (i.e., connectivity to rivers and canals),
and the richness of macrophytes, beetles, Odonata and birds
were also related to measures of connectivity to standing fresh-
waters (i.e., lakes, larger ponds and reservoirs).

We found great variability in the form of the observed ecologi-
cal responses. For example, there was a hump-shaped relation-
ship between pond density and beetle richness, and a positive
relationship between pond density and Odonata richness, which
was not maintained at the highest pond densities. Potentially, at
the highest pond densities, species and ecological interactions
may also play a role in determining richness and composition,
for example by changing the attractiveness of the focal water
body to some mobile taxa. In contrast, we found a negative,
rather than hump-shaped, relationship between pond density
and bird species richness. For birds, ponds may be too small to
support some water bird species such as cormorants, coots and
great crested grebes, so that these species may avoid areas with
many ponds rather than larger lakes. Both bird and fish species
richness were related to connectivity to running waters. For
birds, richness decreased with an increasing density of Strahler
1 streams (e.g., headwater streams) in the surrounding 1.5km
landscape, indicating that upland habitat may be more suited to
specialist bird species. The stream connectivity relationship was
highly nuanced for fish richness. Fish species richness is known
to depend upon hydrological network position, often increasing
at higher stream orders (Beecher et al. 1988) due to associated
changes in habitat connectivity, extent and stability. However,
we found that the relationship between richness and the den-
sity of high-order streams in fact had a complex association with
human pressure (agricultural land cover).
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At a basic ecosystem functioning level, landscape connectivity
appears to be important for phytoplankton in deep lakes, with
river density modifying the more well-established positive ef-
fects of percent agricultural land on algal biomass through
increased nutrient loading (Dillon and Rigler 1974; Phillips
et al. 2008). This was not true for shallow lakes, where it has
been widely recognised that internal ecological processes can
have a strong effect on phytoplankton biomass (Moss et al. 1994;
Jeppesen et al. 1997; Scheffer and Van Nes 2007). However, the
exact role of these internal processes remains the focus of active
research and debate (Davidson et al. 2023). This basic effect of
connectivity in modifying the primary production of deep lakes
needs wider consideration in regional, supra-regional and global
studies of lake water quality (Stockwell et al. 2020) and is likely
to have knock-on effects on the broader biodiversity responses
examined in this study.

4.1.4 | Human Activity Is a Common Agent
of Connectivity

Macrophyte, mollusc, fish and bird species richness all dis-
played statistically significant relationships with human con-
nectivity metrics. Macrophyte richness was related positively
to visits for watersports, probably through macrophyte in-
troductions via transportation of propagules on watersports
equipment, like boats and trailers, a well-known route for dis-
persal of invasive aquatic plants (Brainard et al. 2021; Tamayo
and Olden 2014).

The human connectivity metrics in the models for molluscs,
fish, and birds appear as part of interactions with agricultural
land use. For molluscs and fish, models include the likelihood
of visits for watersports, while for birds, the likelihood of fish-
ing visits is included instead. The absence of visits for fishing
specifically from the model for fish suggests that we do not see
any clear effect of fish stocking or accidental introduction at a
supra-regional scale once the other variables are accounted for.
We note that Gimenez et al. (2023) found a positive relation-
ship between stocking and richness in certain lake types, while
Arlinghaus et al. (2022) and Eby et al. (2006) found more com-
plex relationships which, with our supra-regional scale analy-
sis including different types of lakes, might explain this result.
Inclusion of the likelihood of watersports visits in the models for
molluscs and fish could again relate to accidental transportation
of species on watersports equipment (for molluscs, Anderson
et al. 2015), or there may be some unmeasured variable affect-
ing both mollusc species richness and suitability of lakes for
watersports activities, such as availability of hard engineered
surfaces.

4.1.5 | Broad Features of Lakes, Climate
and Catchments Help to Explain Ecological Responses

We found that all ecological responses (chlorophyll-a, macro-
phytes, molluscs, beetles, Odonates, fish and birds) were as-
sociated with at least one lake, buffer or catchment feature or
typology metric, with most models including several of these.
This highlights that freshwater biodiversity and water quality

are impacted by processes operating across multiple spatial
scales (Birk et al. 2020). As such, both waterbody and landscape
features must be considered when seeking to disentangle the
unique and shared effects of stress and connectivity. The fre-
quent inclusion of RBD indicates spatial structuring of water
quality and biodiversity at biogeographical scales that could
not be explained by the available stressor and connectivity met-
rics, or the typology features included in our study. Including
a district-type metric such as RBD can be beneficial to explain
the patterns in biodiversity and water quality, and its inclu-
sion highlights that regional patterns will be further nuanced
(Heino 2011). This accords with patterns seen in other studies
(e.g., Sandin and Johnson 2000; Santoul et al. 2004) where spe-
cies richness in freshwater habitats was observed to vary be-
tween hydroregions.

Ecological responses were frequently associated with landscape
features within catchments or buffers. For example, fish and
bird richness were negatively related to altitude, chlorophyll-a
concentration in deep lakes and beetle richness were negatively
related to slope, while macrophyte richness was positively re-
lated to slope. Our observation that different taxonomic groups
vary in their response to similar environmental variables is
likely to reflect among-species variation in traits that shape eco-
logical requirements, tolerances and sensitivities, and to reflect
the effects of landscape type on water quality (Biggs et al. 2007),
mediated, for example, via likely effects of catchment slope on
surface runoff and lake flushing rates. Variability in such traits
is likely to relate to taxonomy to some extent. For example, sen-
sitivity to catchment temperatures could limit richness of am-
phibia, beetles, and Odonata more due to their terrestrial stages.
Additionally, we acknowledge that there is likely to be consid-
erable among-species variation even within any specific group.
Macrophyte species, in particular, can have widely differing and
specialist dispersal mechanisms, with several pondweed species
documented to disperse seeds via passage through the guts of
wetland birds (Figuerola and Green 2002), whilst the seeds of
three species of water lilies have been shown to be destroyed by
gut passage (Smits et al. 1989).

Climate variables (rainfall and temperature) were not com-
monly included in our models, despite climate being known to
be a major determinant of the distributions of species and water
quality (Markovic et al. 2014; Heino et al. 2009; Richardson
et al. 2019). This is probably caused by RBD and landscape fea-
tures (e.g., slope and altitude) being present in models, already
accounting for the main spatial patterns of biodiversity and
water quality (See Figure S3), as well as richness relationships
obscuring species-level responses.

4.2 | Reflection on the Modelling Approach

We adopted a data-driven, correlative approach, allowing us
to explore complex relationships without making assump-
tions based on previous knowledge. Our novel approach using
GAMs accounted for inter-variable correlations and nonlinear
relationships to reveal nonlinear connectivity-stress interac-
tions, which many commonly used approaches, that is, linear
models, can miss (Duncan and Kefford 2021). The multiple
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interactions between variables pose difficulties in interpreta-
tion, but importantly using a consistent flexible approach has
allowed us to identify these. While requiring careful interpre-
tation of fitted relationships due to their nonparametric nature,
GAMs fall within a statistically robust modelling framework,
with constraints penalising excessive curvature of fitted rela-
tionships, improving interpretability while retaining flexibility
(Wood 2017). The necessary difficulties introduced by this ap-
proach include synthesising results when conceptually similar,
but not identical, variables were included in different models.
Despite the large numbers of variables available for the models,
it is beyond the scope of this study to tease apart causation at the
supra-regional scale, and further (experimental) analyses that
also consider the most relevant scales of impact for each taxo-
nomic group would be required to infer causality. We note that
when modelling different taxonomic groups, lake-, buffer- and
catchment-scale variables were included, reflecting the effects
of different geographic scales.

Further studies should also consider species- or trait-specific
relationships, community composition, and impacts upon
functional diversity, all of which are obscured in analyses
based on taxonomic richness. In particular, beta and gamma
diversity indices could be used to explore further how the
spatial distribution of freshwater biodiversity can inform
the management of ecosystems under stress (e.g., Alahuhta
et al. 2017; Hill et al. 2021; Law et al. 2024). Importantly,
our taxa span wide ranges of body size, dispersal potential,
reproductive and trophic ecology. Future analyses could ben-
efit from understanding how the impacts of connectivity and
stress differentially affect species according to these traits and
influence functional diversity.

Our datasets varied in size and spatial intensity/extent among
the ecological responses (e.g., 130 1-km grid cells for molluscs,
and 2265 cells for Odonates) with model fits varying accord-
ingly (adjusted R? 0.20-0.77). Dataset differences reflect dif-
ferences in ease and popularity of recording among groups.
Furthermore, the motivations for data collection and the de-
gree of structuring in data collection differed among groups.
For example, official data from monitoring ecological or
conservation status were available for some responses (chlo-
rophyll-a concentrations, macrophytes) and citizen science
data for others. As we did not have complete coverage of Great
Britain and we sought to capture broad-scale correlations, our
models should not be used to make predictions for specific
unstudied lakes, but instead to yield general insights into the
relationships between our chosen responses and connectivity,
stress, and their interactions.

Importantly, we note that the conceptual distinctions between
the variables used in our analysis are not always clear, with
some that could be viewed as indicators of both connectivity
and stress (e.g., watersport visits in relation to mollusc rich-
ness). To investigate this, analyses of species composition
could elucidate whether the species present in contrasting
connectivity scenarios also vary in their resilience to stress
(e.g., from invasive non-native species), thus exposing pat-
terns that would be masked when using overall species rich-
ness as the biodiversity metric.

5 | Conclusions

We investigated the relationships between hydrological and
human-mediated connectivity, human-induced land use stress-
ors, and their interactions on indicators of water quality and bio-
diversity at a supra-regional scale. Using a data-driven modelling
approach, we showed different relationships for different species
groups, and that almost all ecological responses were affected by
stressors or connectivity, or their interaction. These findings em-
phasise the need to consider species groups independently when
considering the effects of connectivity on freshwater ecosystems,
and the importance of considering waterbody connectivity when
attempting to understand and manage the impacts of human-
induced stress on water quality and biodiversity.

Our research found that broad features of lakes, climate, and
catchments helped to explain ecological responses. This reflects
the impact of landscape and climate on water quality and quan-
tity, as captured by district-type variables such as river basin dis-
trict, and hence on species distributions. Intensive land use was,
as expected, a key source of ecological stress, but both hydrolog-
ical and human connectivity were important in regulating the
expression of ecological responses.

A key finding was that landscape-scale interactions between
connectivity and human-induced stress were the norm across
responses, although the forms of these interactions were often
complex. We found some support for our Hypotheses that in-
creased connectivity could change from a positive to a nega-
tive effect in the presence of high human-induced stress levels.
However, the inverse pattern was also detected for some species
groups implying that connectivity might offer a ‘rescue effect’
for some organisms in the face of stress. This probably reflects
complexities introduced by modelling at the supra-regional
scale, across different landscape types, and that biodiversity
responses might not always be apparent through taxonomic
richness (e.g., compared to functional richness, and measures
of taxonomic and functional composition). Understanding
the response of other biodiversity measures (such as beta or
gamma diversity) to connectivity and stress will require mod-
elling of these separately.

In summary, we found that the assessment of impacts of human-
influenced land cover as a proxy for stressors should integrate
the effects of various forms of connectivity. Equally, the com-
plexities of landscape- and taxon group-specific effects should
be recognised in evidence-led decision-making, with generalisa-
tions being treated with caution.
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