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ABSTRACT

Aim: Geographically isolated wetlands, wetlands surrounded by upland habitat, harbour high amounts of bird biodiversity but
are rapidly being lost across the United States. Yet, we do not know which characteristics, such as wetland area or land cover,
influence the level of bird biodiversity supported. We assessed the influence of wetland area and local (size of the wetland,
0.001-4.20km?) and landscape (25km) land cover on bird biodiversity in geographically isolated wetlands.

Location: Conterminous United States.

Methods: We quantified the impacts of the wetland area and different land cover on overall bird species richness and richness
estimates within five functional groups. We integrated 207 geographically isolated wetlands, selected based on eBird sampling
locations with over 100 total checklists. We computed land cover metrics within wetland sites and landscape buffers (25km)
around each site. Using a generalised linear modelling approach, we examined how species richness was impacted by area and
six remotely sensed land cover variables.

Results: Species richness increased with area for all species and functional groups of birds, but aquatic (e.g., ducks) and ter-
restrial (e.g., wading birds) functional groups had the steepest species-area slopes. Constructed wetlands exhibited a steeper
species—area relationship slope compared to natural wetlands. Species richness was negatively correlated with built land cover
at the local and landscape scales and was positively associated with flooded vegetation at the local scale and grass cover at the
local and landscape scales. All functional group richness estimates responded negatively to build land cover but showed unique
responses in their associations with other land cover variables.

Main Conclusions: Anthropogenic disturbance at the local and landscape scales significantly reduces species richness. Land
managers looking to create or restore wetlands, which have steeper species-area curves, should consider local-scale manage-
ment changes in flooded vegetation or grass cover to improve habitat for birds.

1 | Introduction Kirkman et al. 1999; Leibowitz 2003; Tiner 2003). GIWs rep-

resent an estimated 29% of all wetland types in the United
Geographically isolated wetlands (GIWs)—wetlands which are States and may represent up to 16% of total wetland area in the
surrounded by upland habitat—provide an assortment of ecosys- United States (Fluet-Chouinard et al. 2023; Lane et al. 2023;
tem services including biochemical processing, flood protection Lane and D'’Amico 2016; Leibowitz and Nadeau 2003). These
and habitat for flora and fauna (Cohen et al. 2016; Cowardin 1979; wetlands come in a variety of shapes and sizes, depending on

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.
© 2025 The Author(s). Diversity and Distributions published by John Wiley & Sons Ltd.

Diversity and Distributions, 2025; 31:¢70012 1of13
https://doi.org/10.1111/ddi.70012


https://doi.org/10.1111/ddi.70012
https://doi.org/10.1111/ddi.70012
https://orcid.org/0000-0002-1804-033X
mailto:
mailto:
mailto:j.barrattheitman@ufl.edu
mailto:c.callaghan@ufl.edu
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fddi.70012&domain=pdf&date_stamp=2025-03-19

their geographic position, whether they are naturally occurring
or were constructed, and the degree to which they have been
impacted by human activities at local and landscape scales
(McKinney et al. 2011; McKinney and Charpentier 2009). The
variability in GIWs, including area (Snodgrass et al. 2000) and
vegetation (Aronson and Galatowitsch 2008; Zamora-Marin
et al. 2021), influences the amount of biodiversity held in these
systems (Comer et al. 2005), but how these characteristics in-
fluence bird biodiversity amongst different wetland types across
large spatial scales is not well documented.

GIWs may act as isolated or fragmented ‘island habitats’, which
are part of a much larger habitat mosaic (Golden et al. 2017).
The paucity of information regarding bird biodiversity in these
systems embedded within larger habitat mosaics highlights the
need to explore the species—area relationship. The species-area
relationship (SAR) is a key concept from Island Biogeography
Theory stipulating that larger areas will support more species
(Macarthur and Wilson 1967). GIW conditions and characteris-
tics across the entire spatial extent of the United States can vary
quite dramatically in area, depending on hydrology, soil con-
ditions, climate or precipitation (Cowardin 1979; Tiner 2003).
Managers or engineers constructing wetlands (Almeida
et al. 2020; Rajpar et al. 2022) may take these conditions into
account when evaluating the biodiversity value of GIWs (Golden
et al. 2017). Due to greater availability of microhabitats for for-
aging, nesting and cover from predators, bird species richness
generally increases with area (Guadagnin et al. 2009, 2005).
This has been documented in prairie potholes (a type of GIW)
of the Midwestern US, where waterbird richness was posi-
tively associated with increases in wetland area (Fairbairn and
Dinsmore 2001; Naugle et al. 2001). Additionally, reptile distri-
bution and dragonfly species richness and diversity have been
documented to be positively associated with wetland size (Pryke
etal. 2015; Attum et al. 2008). However, this contrasts with other
studies that found no correlation between wetland area and
species richness in vernal pools or depression wetlands (other
types of GIWs) in both birds and amphibians (McKinney and
Paton 2009; Oertli et al. 2002; Riffell et al. 2006). This makes a
large-scale macroecological study of GIWs necessary to discern
if the SAR is consistent amongst wetland types (Carolina bays,
vernal pools, prairie potholes, excavated ponds, etc.).

In addition to area, the diversity of land cover types within and
surrounding GIWs likely plays a role in promoting biodiversity
(Martinez-Ruiz and Renton 2018; Luther et al. 2008). The in-
fluence of land cover on biodiversity can vary amongst differ-
ent spatial scales, influencing the local patterns of biodiversity
(Callaghanetal. 2018; Chase et al. 2018; Newbold et al. 2015). For
example, higher landscape wetland cover estimates have been
positively associated with higher bird biodiversity at the local
scale (Dertien et al. 2020; Elliott et al. 2020). Furthermore, am-
phibian richness and abundance in wetlands are positively cor-
related with adjacent forest cover (Houlahn and Findlay 2003),
and dragonfly richness and diversity in ponds are positively as-
sociated with higher habitat heterogeneity (Pryke et al. 2015).
However, adjacent habitat type has variable influence on reptile
species; common species are not impacted by impervious land
cover, but rare species are negatively impacted by impervious
land cover (Attum et al. 2008). Conversely, urbanisation and
intense land use for agriculture have been associated with an

overall decrease in amphibian diversity in GIWs (Surdick 2005).
A dual-scale perspective, which considers how land cover at the
local and landscape scales influences biodiversity, is crucial for
understanding how biodiversity persists in GIWs and for identi-
fying effective conservation strategies and management actions.

The biodiversity of GIWs has predominantly been studied across
relatively small spatial scales, restricted to single wetland types
in distinct ecosystems (Barratt Heitmann et al. 2025; Herteux
et al. 2020). This limitation is partly due to the logistical and
financial challenges of conducting fieldwork over broad geo-
graphic regions. However, GIWs have a continental distribution.
Ecoregions support different regional species pools that currently
lack crucial generalizable biodiversity patterns for GIWs (Spake
et al. 2022). Advances in research tools from participatory and
community science efforts like eBird (Sullivan et al. 2009; Wood
et al. 2011) offer opportunities to overcome logistical constraints
to expand the scope of GIW biodiversity studies. eBird has over
1billion bird observations and provides broad spatiotemporal
coverage, making it a powerful tool for investigating local and
broad-scale ecological processes (Callaghan and Gawlik 2015;
Fink et al. 2021; Wood et al. 2011). As a semi-structured plat-
form, eBird data requires careful filtering and sorting to address
biases in checklist submissions and spatial biases related to ob-
server effort (Grade et al. 2022). Additionally, challenges such as
observer variability, uneven taxonomic expertise and validation
of rare or unusual records highlight the need for careful use of
such data. Despite these limitations, the scale and breadth of
eBird make it an invaluable resource for advancing macroeco-
logical studies, including those focused on GIWs.

Birds are excellent study organisms for exploring how wetland
biodiversity is influenced by habitat area and land cover, due to
their diverse ecological roles and adaptations across lifestyles
(e.g., aquatic, aerial, terrestrial), trophic levels (e.g., herbivores,
omnivores, carnivores) and niches (e.g., open water, dense
vegetation, grasslands). However, studies often focus on taxo-
nomic diversity, such as species richness, to assess biodiversity
changes, which can overlook important functional and ecolog-
ical differences amongst bird groups. For instance, functional
diversity, which captures the variety of ecological roles species
play, may not always align with taxonomic or phylogenetic di-
versity (Almeida et al. 2020; Devictor et al. 2010). In some cases,
restored and constructed wetlands can even enhance functional
diversity compared to natural wetlands, though this outcome
varies depending on the ecological context (Almeida et al. 2020).

Our overall objective was to assess the ecological dynamics of
bird biodiversity amongst GIWs (Figure 1). We tested support
for the species-area relationship amongst GIWs across the con-
terminous United States. We hypothesized that bird species
richness in GIWs would conform to the species—area relation-
ship, with larger wetlands having higher species richness due
to increased availability of habitat resources and microhabitats.
We then quantified how land cover variables (i.e., vegetation
cover, water cover and built cover) within local and landscape
contexts impact bird species richness amongst GIWs across the
United States. We hypothesised that local vegetation and water
cover would be positively associated with species richness, and
built cover would be negatively associated with species richness.
Lastly, we tested if these hypothesised relationships remain the
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FIGURE1 | Graphical outline of research objectives: (A) species—area relationship (SAR) for bird biodiversity in geographically isolated wetlands,

(B) impact of local and landscape characteristics on bird biodiversity, and (C) contribution of different functional group diversity (primary lifestyle)

to the SAR and impacts from local and landscape land cover.

same when species richness is broken down into functional
groups (i.e., primary lifestyle; Tobias et al. 2022). This analysis
advances our understanding of how spatial and ecological fac-
tors interact at multiple scales, providing insights for manag-
ing GIWs.

2 | Methods
2.1 | Sampling Design

Our goal was to identify GIWs throughout the conterminous
United States that had sufficient sampling to estimate bird bio-
diversity. We selected potential wetland sites using eBird by
filtering all site names (i.e., Hotspots in eBird nomenclature)
that contained the word “wetland” or “Wetland” (eBird basic
dataset: ebird_vrs_April2022). We recognise that naming con-
ventions for GIWs, also called ponds, potholes, vernal pools and
others, likely reduced and/or altered the available list of eBird
hotspots. We did not spatially select wetlands based on corre-
spondence with the National Wetlands Inventory because of
its failure to accurately map many GIWs (Tiner et al. 2002).
Therefore, we felt that the most generic term, “wetland” was
helpful in selecting the greatest number of potential sampling
locations. We only included eBird registered sites (i.e., Hotspots)
to acquire sampling locations at publicly accessible birding loca-
tions. Because our goal was to minimise the amount of manual
work of looking at each wetland balanced with selecting sites
that would have a reasonable amount of eBird data, we only

considered sites that had >100 submitted checklists (Callaghan
et al. 2022; Freckleton 2002). We were conservative in our site
selection, requiring >100 submitted checklists; however, we
wanted to ensure we had adequate sampling coverage for our
sites and minimised the likelihood of missing rare or cryptic
species. Hereafter, eBird sites are denoted as site or site location.

We visually assessed each potential site (eBird hotspots with >100
submitted checklists, n=534) by overlaying the site with National
Agriculture Imagery Program (NAIP) imagery from 2010 to 2022
(Earth Resources Observation And Science [EROS] Center 2017),
the most recent National Wetlands Inventory (NWI) shapefile
(US Fish and Wildlife Service 2022), Google Dynamic World
dataset 2018 (Brown et al. 2022), and Google Earth Imagery from
1985 to 2022 (Google Earth 1985-2022) to identify standing water
and relative surface level hydrological connectivity. While GIWs
are known to have below-ground hydrologic connectivity with
other wetlands and waterways, we defined GIWs as wetlands sur-
rounded by upland habitat (Cohen et al. 2016; Mushet et al. 2015)
based on delineation using the NWI shapefiles (US Fish and
Wildlife Service 2022), land categorisation from Google Dynamic
World (Brown et al. 2022) and aerial NAIP (EROS Center 2017)
and Google Earth Imagery (Google Earth 1985-2022) for at least
part of the year to be considered a GIW. GIWs encompass a suite
of heterogeneous habitat types in the conterminous United States,
and delineating them can often be difficult given that some of
these wetland types dry up seasonally, can be connected to other
water bodies for short periods of the year, and may be forested,
making it difficult to identify the wetland boundaries. We dealt
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FIGURE 2 | Number of mapped wetlands by state, with image inlays from three different ecoregions.

with these various issues by only selecting wetlands where water
was visible on aerial imagery, the NWT or hydrology maps at any
point during the year (even if they were only inundated for a short
period of time). We then delineated n=207 sites (i.e., manually
drew a polygon) based on the coverage of the entire eBird site; i.e.,
we did not map only the wetlands, but rather the entire eBird site
area (Figure S1). All mapped sites' main feature(s) were GIW(s)
(Figure S1, Figure 2).

When delineating GIWs, we categorised them as either constructed,
natural or unknown. To categorise wetlands, we used a combination
of web searching the eBird hotspot name in Google and inspecting
historical aerial imagery in Google Earth. GIWs were denoted as
‘constructed’ if they were created as part of a restoration project,
a water management tool or a water feature in a park (Table S1).
GIWs were denoted as ‘natural’ if they had uneven perimeters, long
aerial imagery histories, no indication of construction from a web
search and other features mentioned in (Tiner 2003). If we could
not decide, we simply denoted them as ‘unknown’. Out of our 207
wetlands, 66 were classified as natural, 101 were classified as con-
structed and 40 were classified as unknown.

2.2 | Calculating Land Cover and Area

We calculated environmental variables at both the local scale
(the mapped site location: 0.001-4.20km?, also see Table S1),

and at the landscape scale (site location +25 km buffer). Buffers
were calculated relative to wetland size; we applied a propor-
tional buffer for the landscape scale, where the buffer area
was scaled relative to the size of the wetland. This ensured
that smaller wetlands were analysed with buffers that ade-
quately captured their broader landscape context, while larger
wetlands had buffers that reflected their inherently larger
local footprint. This approach ensured that the distinction
between local and landscape effects was meaningful across
wetlands of varying sizes. We used Google Earth Engine to ob-
tain six land cover variables from the Google Dynamic World
data set, including: built (anthropogenic), flooded vegetation,
grass, shrub and scrub, trees and water (Brown et al. 2022).
We calculated annual mean values of the daily total pixel
percentage (%) representing each land cover type from daily
satellite imagery taken from 1/1/2019-12/31/2019, using
the ee.Mean.Reducer function. We calculated the wetland
area using the area function in the sf package in R (Pebesma
et al. 2024). To measure the level of heterogeneity in land cover
at the local and landscape scale, we calculated Shannon's di-
versity index of the six land cover types for each local wetland
site and the landscape 25km buffer using the diversity func-
tion in the package vegan in R (Oksanen et al. 2022). Finally,
we identified the EPA Level I Ecoregion (US EPA, ORD 2015)
for each wetland by finding the intersection of each wetland
polygon centroid with the EPA Ecoregion shapefile using the
sf package in R.
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For measurements of richness for functional groups, we ap-
pended primary lifestyle groupings to each bird species as de-
rived from AVONET (Tobias et al. 2022). Primary lifestyle is a
combination of trophic level and trophic niche, which largely
reflects a species primary method for foraging (aerial, aquatic,
generalist, terrestrial and insessorial) (Tobias et al. 2022). We
used primary lifestyle as our functional grouping variable and
calculated richness for each group in GIWs as it combines
morphological bird traits, as well as ecological congruence be-
tween species that are similar functionally, which reveal pri-
marily how birds use habitats to meet their life history needs
(Madrigal-Roca 2024).

2.3 | eBird Data

For each of our delineated sites (n=207) we downloaded all
eBird data from within that site from 01/01/2010-04/30/2022.
To clean the eBird data, we only included complete checklists
(i.e., where birding was the primary objective of the observer,
and they identified all species they saw/heard) with a dura-
tion > 5min. From the complete checklists, we included spe-
cies and species identifiable to subspecies (code in eBird: issf).
We collated abundances of species and subspecies (code in
eBird: issf) on individual checklists if they were of the same
higher order species (e.g., Yellow-rumped Warbler (species)
and Yellow-rumped Warbler (Myrtle's) (a subspecies)). We ex-
cluded entire checklists from potential analysis if any species
on the checklist had an ‘X’ recorded instead of an abundance
count, as this indicates that the observer may not have been
systematically reporting all species present. We also excluded
any observations that were not made to the species level.
We excluded all domestic species except Muscovy Duck and
Rock Pigeon because they are now considered naturalised in
many portions of the United States and do contribute mean-
ingfully to urban biodiversity and ecosystem functioning
(Schlaepfer 2018). If checklists were submitted as part of a
group of 2 or more observers, we randomly selected 1 check-
list to avoid pseudo-replication of the exact same checklist by
multiple observers.

We calculated local-scale diversity at each site location as
total species richness from all submitted checklists for over-
all species richness and separately stratified by the five func-
tional groups at each wetland site (n=207). Due to unequal
sampling amongst all GIWs in our dataset, we also used a
bootstrapping approach to calculate richness at equal sam-
pling effort across all sites. To do this, we randomly selected
50 checklists from each site and calculated species richness
using those 50 checklists. We repeated this process 100 times
per site and calculated the mean of all 100 iterations. Total
richness and mean resampled richness had a correlation co-
efficient of 0.87, suggesting that total richness appropriately
samples the ‘amongst-GIW’ diversity differences. Therefore,
we chose to use total richness as our response variable in our
main analysis but accounted for differences in sampling effort
(see Statistical analysis section). To check the robustness of
our results, we confirmed that our models and figures of total
richness and mean resampled richness estimates revealed
similar patterns, and we report figures for resampled richness
in the supplement (Figures S3 and S4).

2.4 | Statistical Analysis

For our analyses, we employed generalised linear models (GLM)
and generalised linear mixed models (GLMM) to investigate
bird species richness in GIWs. This statistical approach was cho-
sen to appropriately model count data (species richness), which
typically follows a Poisson distribution, and to account for po-
tential non-independence amongst wetlands within the same
ecoregion for mixed-effects models. GLMMs were specifically
used for the land cover questions to account for variation in land
cover composition across the United States, incorporating EPA
Level I ecoregion as a random effect to control for unobserved
heterogeneity amongst ecoregions, which was not of interest to
our study questions per se. We assessed model assumptions (e.g.,
residuals, collinearity, homogeneity of variance) using the ‘per-
formance’ package in R (Liidecke et al. 2021) and standardised
all predictor variables to improve the interpretability of model
coefficients (Gelman 2009). An overview of the models, the
questions they pertain to, and the specification in R is provided
in Table S2.

For our first objective, to assess the species—area relationship
(SAR) in GIWs for species richness, we used a GLM. We fit-
ted the model with two predictor variables: number of sub-
mitted checklists to control for variation in sampling effort
(Freckleton 2002) between wetland sites and area, our pri-
mary variable of interest. We log transformed area and the
number of checklists to meet assumptions of normality and
homogeneity of variance.

For our second objective, to assess the impacts of local versus
landscape land cover on species richness, we used a GLMM
approach for all our models. We log transformed area and
the land cover variables to meet assumptions of normality.
We fit a GLMM model with 15 predictor variables: number of
submitted checklists, six land cover metrics at the local and
landscape scale, as well as a heterogeneity variable (Shannon's
diversity index of the six land cover variables at the local and
landscape scale). We fit our GLMM models with ecoregion
(EPA Level I) as a random effect. Ecoregion was used to con-
trol for unobserved heterogeneity in overall ecoregion type
and spatial autocorrelation with wetlands within the same
ecoregion context. In all models, we standardised predictor
variables using the ‘rescale’ function in the scales package in
R (Wickham et al. 2023). We standardised our predictor vari-
ables to make coefficient outputs in the model comparable
in marginal effect plots (Gelman 2009). We constructed land
cover models that also included area as a predictor variable
and found that area was indeed the strongest predictor of total
richness, with similar results amongst the importance of land
cover variables (Figure S4). However, our focus for this sec-
ond analysis was on the land cover variables within a wetland
and in the surrounding landscape; therefore, we focused on
reporting models that do not include area in the main text.

For our third objective, we modelled species richness of each
primary lifestyle individually: aquatic, aerial, generalist,
insessorial and terrestrial. To assess how the SAR impacts
functional group richness, we utilised the same model struc-
ture as species richness mentioned above, fit with a Poisson
family distribution GLM model. To assess the impacts of local
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and landscape land cover on each functional group, we em-
ployed the same model structure as we did for species richness
mentioned above, using a GLMM model fit with 15 predictor
variables: number of submitted checklists, six land cover vari-
ables at the local and landscape scale, and two land cover het-
erogeneity variables, one each at the local and landscape scale,
with ecoregion as a random effect.

2.5 | Sensitivity Analysis of Land Cover Predictors
at Multiple Buffers

We analysed the effect sizes of local and landscape land cover
models at three different landscape buffer sizes (5km, 10km
and 25km). Our models performed similarly across all three
landscape buffers (Figures S6 and S7) for both total richness
and across all five functional groups of birds. We report on
minor differences in the discussion. We report results on the
25km landscape buffer below for two reasons. (1) Previous
studies have also shown that larger scale buffers can account
for available habitat at the metacommunity level (i.e., overlap-
ping ranges for multiple communities with variable dispersal
and home range sizes), as opposed to the home range sizes of
a single species (Callaghan et al. 2018; Radford et al. 2005),
and (2) landscape level predictors for wetlands may be relative
to the range size of the focal species, but we evaluated com-
munity level biodiversity and 25 km represents a more holistic
matrix of available habitats for selection and habitat use by
all possible species (Fairbairn and Dinsmore 2001; McKinney
and Charpentier 2009).

3 | Results

Overall, we sampled 207 wetlands with a median area of
0.16km? (range: 0.001-4.20km?, standard deviation: 0.75km?,
Figure S2). Across all sampled wetlands, we had 2,885,558 spe-
cies observations, representing 590 bird species. There were 48
species in the aquatic functional group, 58 in aerial, 84 in gen-
eralist, 185 in terrestrial and 216 in insessorial. For examples of
species within each functional group, see Table S3. The range
of complete checklists submitted at each site was between 87
and 16,118. These were collected by 131,056 unique observers,
averaging 633 observers per wetland site. The average species
richness per wetland site was 150+42. Sweetwater Wetlands,
Arizona (eBird ID: L208918) had the highest total with 288
species, and Five Mile and Victory Wetland, Idaho (eBird ID:
1L3962950) had the lowest total with 55 species.

3.1 | Species-Area Relationship for Species
Richness and Functional Group Richness

We found that total species richness significantly increased with
area (log(area), z=17.33, p<0.001) and total number of submit-
ted checklists (log(checklists), z=31.66, p <0.001) (Figure 3). We
found that total species richness for all primary lifestyles signifi-
cantly increased with area (log transformed) and total number
of submitted checklists (log transformed) (Figure 3). Increasing
area was the strongest predictor for aquatic (parameter esti-
mate =1.08) and terrestrial (parameter estimate =0.98) primary

lifestyles and the weakest predictor for insessorial primary life-
style (parameter estimate =0.13).

3.2 | Important Land Cover Predictors of Species
Richness

After accounting for the total number of checklists, we found
the strongest negative predictors were trees at the landscape
scale (parameter estimate=—0.15) and built area at the local
(parameter estimate=—0.11) and landscape scale (parameter
estimate=—0.11) (Figure 4). We found that land cover hetero-
geneity at the landscape scale (parameter estimate =—0.05) had
a significantly negative impact on total richness. However, the
strongest positive predictor variables were grass cover at the
local (parameter estimate =0.05) and landscape scale (param-
eter estimate=0.05) and flooded vegetation cover at the local
scale (parameter estimate =0.05) (Figure 4).

3.3 | Important Land Cover Predictors
of Functional Group Richness

We found that all functional group species richness estimates
decreased with built land cover at the landscape scale, indicat-
ing all functional groups were negatively impacted by urban-
isation (Figure 5A-E). Aerial species richness also decreased
with higher tree cover at the landscape scale (parameter esti-
mate = —0.18) and was not positively associated with any land
cover variables at the local or landscape level (Figure 5A).
The only other negative predictors we identified occurred
with aquatic and terrestrial functional group richness esti-
mates. Aquatic species richness was negatively correlated
with flooded vegetation (parameter estimate=-0.14), grass
(parameter estimate=—0.19) and tree cover (parameter esti-
mate =—0.27) at the landscape scale (Figure 5B). Terrestrial
species richness was also negatively associated with tree cover
(parameter estimate = —0.15, —0.23) at both the local and land-
scape scales, as well as built cover locally and land cover het-
erogeneity at the landscape scale (parameter estimate = —0.25,
—0.12, Figure 5E). Higher tree cover at the landscape scale
reduced functional group species richness estimates for three
different functional groups (i.e., aerial, aquatic and terres-
trial), while built land cover at the landscape scale reduced
richness estimates across all functional groups but was par-
ticularly strong for aquatic and terrestrial functional group
richness (Figure 5A-E).

Generally, across all functional group richness estimates, we
found that positive predictors were unique depending on the
functional group and largely occurred only at the local scale.
Aquatic species richness was the only functional group to have
positive predictors at multiple scales, being positively associated
with water (parameter estimate=0.12) and grass (parameter
estimate =0.15) cover at the local scale, as well as land cover
heterogeneity at the landscape scale (parameter estimate =0.14)
(Figure 5B). Insessorial species richness was positively asso-
ciated with tree (parameter estimate=0.20) and scrub land
cover (parameter estimate =0.06) at the local scale (Figure 5D).
Terrestrial species were positively associated with increases in
flooded vegetation cover (parameter estimate =0.06) at the local
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FIGURE 3 | Species-area relationship for all species and for five different functional groups (from AVONET) with slopes (aquatic (m =1.08), ter-
restrial (m=0.98), generalist (m =0.46), aerial (im =0.41), all species (m =0.17), and insessorial (m =0.13)) and 95% confidence intervals.

scale and grass (parameter estimate=0.13) cover at the land-
scape scale (Figure 5E).

4 | Discussion

Our study of over 200 GIWs across the United States reveals that
species richness estimates are mediated by area and land cover
across multiple spatial scales. Area was the most significant pre-
dictor, suggesting that larger wetlands are more important for
contributing to higher bird biodiversity in GIW systems. This re-
sult follows the typical SAR for both species richness and species
richness of all functional groups. Additionally, aquatic and terres-
trial functional group richness had the steepest slopes, suggesting
that these species are more influential on the overall species—area
relationship within GIWs. Land cover impacts on bird biodiver-
sity are driven by changes at both the local and landscape scales.
Both overall species richness and each functional group's richness

are negatively impacted by built land cover at the landscape scale.
However, positive predictors of diversity were different amongst
functional groups at both spatial scales, likely due to species sort-
ing driven by foraging preferences amongst different land covers,
which vary amongst functional groups of birds at multiple spatial
scales (Ozkan et al. 2013). Importantly, our results suggest that
land management professionals and conservation practitioners
looking to construct GIWs or improve and/or restore natural ones
can make alterations to wetlands that can have a positive impact
on bird biodiversity. Such alterations could include planting na-
tive emergent wetland vegetation (flooded vegetation land cover)
around wetland buffers or incorporating grass cover to enhance
habitat heterogeneity and foraging opportunities for multiple bird
functional groups (Cannon et al. 2024).

Our finding that species richness increased as wetland area in-
creased contrasted with some previous results in GIW systems
(McKinney and Paton 2009; Riffell et al. 2006). This could be
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because previous studies contained a smaller number of wetlands
(<30) of a single type that did not vary enough in their respec-
tive areas to find a significant SAR (Barratt Heitmann et al. 2025;
Czapka and Kilgo 2011). Additionally, smaller patches are not
frequented by larger-bodied birds, which make up several spe-
cies in the aquatic and terrestrial functional groups, potentially
creating an environmental filter that reduces the number of birds
that could use smaller GIWs (Winter et al. 2006). We extended
previous work by assessing the SAR amongst functional groups
and found that all functional groups increased significantly with
respective increases in wetland area, but that aquatic and terres-
trial birds had the steepest slopes (Figure 3). Aquatic birds in-
cluded ducks (Mallard, Blue-winged Teal) and water-dependent
species like Anhinga, Double-crested Cormorant and American
Coot, while terrestrial species in our study included many wad-
ing birds (Great Blue Heron, Little Blue Heron), shorebirds
(Greater Yellowlegs, Short-billed Dowitcher) and corvids (Blue
Jay, American Crow). Based on results of overall species richness

and individual functional group responses, terrestrial and aquatic
species richness are driving the SAR in GIWSs, likely due to larger
wetlands being visited by a greater number of larger-bodied spe-
cies in the terrestrial and aquatic functional groups, compared
to those relatively smaller insessorial and aerial species with
relatively smaller species—area slopes. However, smaller-bodied
species may also be less likely to be detected by eBird users, poten-
tially influencing the observed patterns. We recommend a direct
study of bird body size in wetlands as a future study that could
help to determine how body size influences habitat use, detection
probabilities and species-area relationships in geographically iso-
lated wetlands (Winter et al. 2006).

Overall species richness and functional group estimates re-
sponded to land cover differently at both the local and landscape
scales. Built land cover was the strongest predictor across all land
cover variables, with a consistently negative impact on overall spe-
cies richness and all functional group species richness estimates.
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This was true at both the local and landscape scales. This finding
supports previous work on urbanisation’s impact on biodiversity
(Di Pietro et al. 2021; Mao et al. 2019) confirming a general pat-
tern of the negative influences of urbanisation on bird diversity
(Callaghan et al. 2024), likely a result of the lack of connectivity,
habitat availability through fragmentation and the overall pres-
ence of humans (Xu et al. 2018). Our findings contrast with previ-
ously published work documenting higher richness in urban GIWs
compared to rural ones (McKinney et al. 2011; Rahlin et al. 2022).
This is likely a product of sampling scale in previous studies,

whose wetlands were confined to smaller spatial scales than our
study (i.e., all within the same county or state). Land cover data
came from relatively small buffers around wetlands (1km buf-
fers around GIWSs) that did not consider larger landscape contexts
(25km buffers around GIWs), which better capture the amount of
available habitats for high dispersal organisms like birds (Martin
et al. 2021). We also found that habitat heterogeneity was not an
important predictor at either the local or landscape scale for over-
all species richness. This suggests that a greater variety of habi-
tat patches does not improve richness estimates for bird species
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in GIW systems, as previously documented in many other studies
of birds (Meynard et al. 2011). Tree cover at the landscape scale
was a negative predictor of overall species richness, likely a result
of regional species pool filtering in the Northeastern Temperate
Forests ecoregion. GIWs surrounded by forest may be less likely
to be visited by wetland-obligate species that require large open
habitats for adequate habitat selection, like GIWs in the Midwest
that are hotspots for many wetland-obligate species (Paracuellos
2006; Lorenzon et al. 2019). It is also possible that the composition
of the avian community shifts in forested landscapes, with fewer
wetland-dependent species and more generalist or forest-adapted
species dominating, which could reduce overall richness when fo-
cused on the birds within a GIW. We found generally that overall
species richness was reduced by landscape predictors (built and
tree cover), likely due to environmental filtering of the regional
species pool, but that urbanisation played an outsized role in re-
ducing diversity ubiquitously across overall species diversity, as
well as the five different functional groups.

Overall results from the 5, 10 and 25km landscape buffers were
quite similar for overall richness and across functional group
richness (Figures S6-S12). This likely means that GIWs are
part of larger landscape mosaics that filter the metacommunity
at a fairly coarse grain. However, results for functional group
richness did have some variation based on the landscape buffer
chosen (5, 10, 25km) (Figures S8-S12). Insessorial species re-
sponded negatively to build land cover only at the 25km buffer
size, meaning that environmental filtering of the metacommu-
nity for these species likely occurs at a larger spatial scale. Urban
intolerance in this functional group occurs at a coarse spatial
grain. Aerial functional group richness responded negatively to
tree cover at 10 and 25km buffers, but not at 5km. This may be
due to this functional group having a relatively small number of
species with relatively large home ranges that may be impacted
at a larger spatial scale more strongly.

Restoration and conservation of GIWs are essential for main-
taining bird biodiversity, particularly in landscapes where built
land cover reduces species richness (Callaghan et al. 2021).
Enhancing wetlands at the local scale by increasing flooded
vegetation and grass cover can help improve bird diversity. We
advocate for restoring vegetation surrounding well-manicured
and mowed stormwater ponds across the United States (Adams
et al. 1985; Cannon et al. 2024; Hassall and Anderson 2015).
We found that constructed GIWs had a steeper SAR slope than
natural ones, meaning that these systems can be managed and
manipulated to provide higher biodiversity than naturally oc-
curring GIWs (Figure S5). Managers looking to conserve GIW
systems should identify their priority functional bird groups
and key ecosystem functions when undertaking management.
For example, conserving and/or improving wetlands for aquatic
and terrestrial target species, such as ducks, should prioritise
larger wetlands with open water for foraging and sparse tree
cover (Ma et al. 2010). These novel ecosystems can support high
amounts of biodiversity, but engineers and restoration ecologists
should consider the ecosystem context, priority ecosystem func-
tions and species of interest during construction or restoration
(Hassall and Anderson 2015; Oertli and Parris 2019).

We leveraged broad-scale citizen science data to assess funda-
mental questions about wetland macroecology. However, we

acknowledge that there are some limitations to using these data.
We had an unbalanced study design with an unequal number of
samples across ecoregions, and we did not account for different
detection probabilities across the different ecoregions. Future
work should test whether these SAR and land cover patterns are
generalisable across different ecoregions, which could aid in con-
servation planning for especially biodiverse regions that would
complement well-documented rates of rare and threatened plant
and herpetofauna in GIWs more generally (Dertien et al. 2020).
Our investigation of overall species richness and richness of five
functional groups of birds identifies important components of
richness, like wetland area and land cover. However, we suggest
that future work also analyse the abundance and evenness of
birds in these systems. Abundance and evenness provide addi-
tional information about biodiversity value, such as dominance
by common versus rare species that are not captured solely by
species richness (Elliott et al. 2020; McGlinn et al. 2019). For
example, investigating beta diversity can be helpful to identify
especially unique communities or ecoregions where GIWs may
require special conservation attention.

Geographically isolated wetlands across the United States con-
form to the typical SAR, increasing in all functional groups
with relative increases in area. The SAR is driven primarily
by an increase in the number of aquatic and terrestrial func-
tional groups that specialise in these habitats for foraging and
other life history needs. Built land cover at both the local and
landscape scale negatively impacts species richness in wet-
land habitats. However, increasing emergent wetland vegeta-
tion (flooded vegetation cover) and grass cover can increase
terrestrial functional group species, such as wading birds and
shorebirds. Landscapes with high amounts of both flooded veg-
etation and grass cover promote species richness of aquatic and
terrestrial species and may be important conservation priority
areas for conserving GIWs.
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