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ABSTRACT

Land cover change is the largest direct driver of global biodiversity loss but often the relationships between
habitats and species occurrence are unknown. The conservation community requires tools to assess variation in
biodiversity related to land cover for maximizing return on investment. Our objectives were to 1) develop a
biodiversity mapping and assessment tool at a fine spatial scale for terrestrial vertebrates, and 2) test how much
biodiversity is conserved by retaining natural habitats within agricultural landscapes. We built species distri-
bution models for amphibians, birds, mammals, and reptiles (329 species, > 1.2 million observations) within
Prairie Canada. Predicted biodiversity within 805 m x 805 m sites ranged from O to 238 species (66 + 0.1). The
proportion of annual cropland at a site had the largest negative effect on biodiversity among predictors. Using
simulations of land cover change, we predicted that conserving 20 % of natural habitats would conserve an
average of 26.5 % of maximum species richness in fields with annual cropland and 74.3 % of maximum species
richness in fields with tame grass (perennial cropland). Our tool predicted that fields with conservation ease-
ments (n = 312) had more species (114 + 2) and natural habitat (48 + 1 %) compared to nearby unprotected
sites (82 + 3 species; 32 + 2 % natural habitat). Our results highlight the importance of retaining natural
habitats, including wetlands, grasslands, and forests within farms to support biodiversity. In addition, our pre-

dictions can be used to target areas for conserving and restoring habitats.

1. Introduction

Global efforts to conserve biodiversity have dramatically increased
in recent decades (Brondizio et al., 2019) as species continue to decline
(Diaz et al., 2019; Rosenberg et al., 2019; Wagner et al., 2021). The
largest direct driver of terrestrial biodiversity loss is land use change
(Jaureguiberry et al., 2022), which is largely from land conversion for
agriculture (Caro et al., 2022; Foley, 2005; Newbold et al., 2016, 2015;
Seibold et al., 2019). As human populations increase, so too does the
need to grow more food by increasing the agricultural footprint and
intensity per area, with biodiversity loss being an emerging consequence
(Lafuite et al., 2018). Land use (humans' intended use of an area) drives
changes in land cover (biophysical attributes of an area; Lambin et al.,
2001) and we hereafter focus on land cover because it is more tractable
to observe.

There have been extensive efforts to identify global biodiversity
hotspots for conservation action (Allan et al., 2022; Hoskins et al., 2020;
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Jenkins et al., 2013; Newbold et al., 2016), but there is also a need for
conservation in regions where biodiversity loss and land cover change
has already occurred. These areas are often characterized by the juxta-
position of ongoing agricultural activity and a high prevalence of en-
dangered species (Newbold et al., 2015). Well-managed and sustainable
agricultural systems can contain rich and diverse ecosystems, which
provide many ecosystem services beneficial to agricultural production
(Landis, 2017). Biodiversity in agricultural landscapes increases with
crop heterogeneity (Sirami et al., 2019), smaller field sizes (Fahrig et al.,
2015), and a higher amount of uncultivated land (Estrada-Carmona
et al., 2022; Shutler et al., 2000). Conservation in these landscapes
presents a significant opportunity to both conserve biodiversity and
increase food security (Garibaldi et al., 2021).

A region that exemplifies a large conservation opportunity is the rich
agricultural lands in Canada's prairie provinces (Coristine et al., 2018;
Kraus and Hebb, 2020). Biodiversity patterns in the Prairies Ecozone of
Canada (Prairie Canada) were historically driven by bison (Bison bison)
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and fire, but are now driven largely by agriculture, including cattle
grazing and growing perennial and annual crops. Historical and
continued loss of natural habitats, including native grasslands (Olimb
and Robinson, 2019) and wetlands (Bartzen et al., 2010; Watmough
et al.,, 2017), is a primary driver of biodiversity loss in this region.
However, by examining relationships between biodiversity and land
cover, we can estimate the amounts of natural habitat required for
productive agriculture and biodiversity to coexist.

Advancing biodiversity conservation in Prairie Canada requires
estimating the relationships between species and habitats to better pri-
oritize conservation activities. Species distribution models constructed
from species observations and environmental layers, including land
cover, are well suited to this purpose (Elith and Leathwick, 2009; Guisan
et al., 2013). The proliferation of citizen and community science
observation data and machine learning algorithms make modelling
these associations more feasible than ever before (Feldman et al., 2021).

To help the biodiversity conservation community, including land
managers, our objectives were to 1) develop a biodiversity mapping and
assessment tool with species distribution models at a fine spatial scale
for terrestrial vertebrates in Prairie Canada (Fig. 1), and 2) test how
much biodiversity is conserved by retaining natural habitats within
agricultural landscapes. We used two approaches to meet our second
objective. First, we simulated land cover change from natural habitats to
increasing cover of either annual cropland or tame grass (perennial
cropland). Second, we compared the predicted species richness on farms
with conservation easements that protect natural habitats to paired
farms without protected habitats.

2. Materials and methods
2.1. Study area

Our study region (Fig. S1) comprises southern Alberta, Saskatch-
ewan, and Manitoba, defined by the Fescue, Mixed, and Moist Mixed
Grasslands, and Aspen Parkland ecoregions (Ecological Stratification
Working Group, 1996). Land use across the region is largely agricultural,
either as annual cropland (predominantly for cereal grain and oil-seed
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Fig. 1. Conceptual approach for using species observations, habitat data, and
climate data to build and stack species distribution models for terrestrial ver-
tebrates (n = 329 species) in Prairie Canada.
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production) or pasture and hay lands (i.e., tame grass perennial crop-
lands and native grass) for cattle production. Areas not in agricultural
production include remnant grasslands, shrublands, forests, wetlands,
and urban/developed lands.

2.2. Species observations

We used observations of species to fit species distribution models
using publicly available data and data sharing agreements with orga-
nizations collecting those data. We analyzed all data in R (R Core Team,
2021). All observations minimally required the species observed, spatial
coordinates accurate to at least 805 m (resolution of prediction; see
below), date accurate to the year, and observed between 2000 and 2022.
We downloaded observations from the Global Biodiversity Information
Facility using the rgbif package (Chamberlain, 2017; Chamerlain et al.,
2023), and data from the North American Breeding Bird Survey (Ziol-
kowski Jr. et al., 2022) linked to stops on routes within our study area.
We also included regional datasets from NatureCounts, the Alberta
Roadkill Database, the Alberta Biodiversity Monitoring Institute (public
locations), the North American Bat Monitoring Network, the Manitoba
Herp Atlas, and each province's Conservation Data Centre that tracks
rare species. We included species with geographic ranges that over-
lapped our study area and any additional species that had records in one
of the data sources we included. We removed duplicate observations of
species at the same site to reduce spatial autocorrelation when fitting
species distribution models. Our cleaned observation data set included
1,229,701 observations of 329 species (Supplementary information).

2.3. Species distribution models and biodiversity predictions

We fit maximum-entropy (MaxEnt) species distribution models
(Phillips et al., 2017; Phillips and Dudik, 2008) for each study species
with >20 observations using the dismo package (Hijmans et al., 2022).
MaxEnt models compare environmental variable attributes of presence
locations with background locations and maximize the entropy between
the two point-types. We chose MaxEnt because biodiversity observations
were presence only for the majority of taxa; that is, our observation data
sets did not include structured absence data for all taxa. Below, we
outline the major components of the modelling procedure, but further
outline our approach in the Supplementary information following the
Objectives, Data, Modelling, Assessment, and Predictions (ODMAP)
approach (Fitzpatrick et al., 2021; Zurell et al., 2020).

For each species, we used 25 environmental variables within an 805
m x 805 m site that described habitat, soil, elevation, and climate as
predictors (Table S1). A site size of 805 m is approximately a quarter-
section (half-mile by half-mile) used for farming, which is how most
of the study area is parceled for land ownership (i.e., the Dominion Land
Survey; McKercher and Bertram, 1986) and relevant to land manage-
ment decisions. We identified predictor variables that had available data
and were likely to affect a significant portion of our study species
(Fig. S2). The final set of environmental variables included information
on seven major habitat types derived from Agriculture and Agri-Food
Canada's Land Use Maps (Agriculture and Agri-Food Canada, 2015)
from 2015, the Canadian Wetland Inventory (Canadian Wetland In-
ventory Technical Committee, 2016; Fournier et al., 2007), and the
Alberta Biodiversity Monitoring Institute (ABMI) Wetland Inventory
(ABMI, 2021; DeLancey et al., 2019): annual cropland (46.5 % study
area), native grassland (16.8 %), tame grass (16.1 %), wetland (9.5 %),
forest (4.2 %), open water (2.8 %), and human settlement (1.4 %). For
each of the major habitat types, we included a predictor for the pro-
portion of a site and the proportion of area within a moving 10 km
window of a focal site it covered. We included predictor variables for the
maximum habitat patch size overlapping a site for native grassland,
tame grass, forest, and the combination of wetland and open water. We
also included the mean and standard deviation of elevation within a site,
derived from a digital elevation model (Government of Canada, 2013),
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to capture differences in terrain (e.g., river valleys). We included a nu-
merical variable for soil texture:

Soil Texture = In ,SLd
silt + clay

We assigned soil texture values based on the nearest neighbor Soil
Landscapes of Canada (Soil Landscapes of Canada Working Group,
2010) polygon for every site.

We used climate data from the 19 WorldClim bioclimatic variables
(Fick and Hijmans, 2017), which are based on average values from 1970
to 2000 and represent average recent climatic conditions. To reduce the
number of climatic variables, we used Principal Component Analyses
and included the top four principal components (4 variables), which
cumulatively explained 92 % of variation between sites in the 19
bioclimatic variables (Table S2).

We tested for multicollinearity between environmental variables,
using a correlation >0.7 as a warning of multicollinearity. Unsurpris-
ingly, some of the habitat covariates within a site were correlated with
the proportions of the same habitat within a 10 km moving window
(native grassland: r = 0.84, annual cropland: r = 0.75, forest: r = 0.77,
human settlement: r = 0.77; Table S3). Mean elevation was correlated
with climate PC1 (r = 0.73). All other correlation coefficients were <
0.7. We chose to still include the correlated predictor variables because
we expected different species to respond to habitat at local versus
neighborhood scales.

Species distribution models built with MaxEnt compare presence
locations to a set of background points and the extent of the background
sample affects inferences (Elith et al., 2011). For each species, we
limited model-fitting to an approximation of the species' range within
our study area, which we defined as a minimum convex polygon around
a species' observations buffered by 50 km. Our buffer was five times the
distance of our larger habitat moving window (10 km) but may under-
estimate a species' range in cases with sparse observations. For species
with ranges that were at >90 % of the study area, we extended their
range to the entire study area. We adjusted the number of background
points based on a species' range size. For species with ranges <100,000
sites, we sampled 20 % of sites for background points. Where 250,000
sites < a species range > 100,000 sites, we sampled 10 % of sites for
background points. For species with ranges >250,000 sites, we sampled
5 % of sites for background points. To correct for spatial biases related to
survey effort, we sampled background points using a kernel density
estimator based on Target Group Sampling (Barber et al., 2022) by
summing the total number of observations in a site for each taxonomic
group (amphibians, birds, mammals, reptiles). Target Group Sampling
can reduce sampling bias in MaxEnt models when survey effort is un-
known, as was the case in our study. Thus, background points had a
spatial bias that mimicked the spatial bias of the presence points.

Within a species range, we divided the area into 100 blocks and fit
five species distribution models using k-fold cross-validation where 80
% of blocks were used for training and 20 % were used for testing (Valavi
et al., 2018). For each k-fold, we fit a MaxEnt model using presence
points for a species and background points in that fold (80 % of blocks)
for training, and the presence and background points in the remaining
20 % of blocks for testing. We used the mean Area Under the Receiver-
Operator Curve (AUC) of the five models on test data per species as an
indication of model performance. AUC values vary from 0 (perfectly
wrong) to 1.0 (perfect prediction), with 0.5 indicating that predictions
are no better than random. We considered model performance adequate
for species with a mean AUC value >0.7. For each species, we averaged
site scores across the 5 k-folds weighted by AUC. We tested whether
mean AUC per species was affected by taxonomic group and the number
of presence locations using a general linear model (binomial family). We
compared the model predictions of each species to published range maps
and habitat associations (Fig. S3).

To test the model performance further with an independent data set,
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we compared the predicted species richness from species distribution
models to detected species richness collected from 192 autonomous
recording units (ARUs) that were used for separate studies on wetland
biodiversity. ARUs were deployed in wetland edges and recorded for 22
min per day from before ice-melt to 31 July in 2022 or 2023; 5 min at
00:00, 3 min at 02:00, 3 min at sunrise, 5 min at 1 h after sunrise, 3 min
at 1 h before sunset and 3 min at 1 h after sunset. Bird and anuran species
were identified from recordings with BirdNET (Kahl et al., 2021), and
we used detections of species with >75 % confidence on at least two
days (birds) or one day (anurans) for estimating species richness. We
limited our bird analyses to wetland birds using the Avian Conservation
Assessment Database (Partners in Flight, 2021) to identify species that
breed in wetlands. We used the detected species richness with ARUs as
our predictor variable, although ARUs have lower detection probabili-
ties than point counts for some wetland species, such as waterfowl or
raptors. However, the ARU data were collected over 90 days and our
focus was on relative differences in detected species richness between
sites instead of a complete census of all species. We compared estimated
species richness from our species distribution models to detected species
richness with ARUs using generalized linear models. We fit separate
models for wetland birds (negative-binomial distribution) and anurans
(Poisson distribution).

2.4. Species distribution models and biodiversity predictions

We stacked species distribution model outputs to get spatial pre-
dictions of biodiversity and test the effects of land cover change on
biodiversity. For each species, we converted the weighted habitat suit-
ability score of each site to a binary presence or absence prediction using
a threshold that maximized the sum of the specificity (true negative rate)
and sensitivity (true positive rate; Florkowski, 2008). We chose to use
thresholding to convert continuous model output into a binary predic-
tion so that our estimate of relative biodiversity was an interpretable
scale of species richness. We summed the number of species predicted to
have suitable habitat in each site as a proxy for predicted biodiversity
(a-diversity, species richness). We estimated total species richness
(y-diversity) for each site based on species' ranges. There are many ap-
proaches to quantify biodiversity hotspots, and as one illustration of
using our species distribution models to do this, we identified sites with
a predicted species richness in the top 5 % of the distribution for each
taxonomic group. Alternate methods, such as the number of rare or
threatened species, would identify different areas.

2.5. Most important variables affecting biodiversity

We tested which predictors had the largest effects on biodiversity by
identifying which variables had the highest median percent drop in
accuracy when they were removed from a species' model (variable
importance). For the top four most important variables, we fit general-
ized additive models (GAMs) to the relationships between predicted
species richness and the predictor variables using the mgcv package
(Wood, 2023, 2004).

2.6. Effects of land cover change on biodiversity

To test how land cover change affects biodiversity, we used our
species distribution models to predict how habitat conversion affects
species richness. We focused on two major land cover changes: 1) con-
version of natural habitat to annual cropland and 2) conversion of nat-
ural habitat to tame grass, typically used for haying and pasture. We
randomly sampled 100 sites within our study area to include variation
from other sources (climate, soil texture, elevation). For every site, we
started with an approximation of a site with natural habitats using the
mean levels of our habitat predictors at sites with <5 % annual cropland,
tame grass, and human settlement. Thus, we started with a site that was
66 % native grassland, 12 % wetland, 10 % forest, and 8 % open water,
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totaling 96 % of a site's area. We set the amount of habitat within a 10
km moving window using the same approach and values. We varied the
focal variable (proportion annual cropland or tame grass) from 0 to 1.0
(by 0.01) and predicted species richness using our species distribution
models. We modelled the response of total species richness (% of
maximum value) to proportion annual or tame grass (predictor vari-
ables) using GAMMs. We included a random intercept term for site to
account for multiple data points per site. To test the effects of conserving
natural habitats within agricultural fields, we predicted the species
richness (% of maximum value) supported by conserving 10 % or 20 %
of natural habitats within each scenario. To test how land cover change
affected the biological community, we used nonmetric multidimen-
sional scaling (NMDS) fit with the vegan package (Jari Oksanen et al.,
2020) to compare predicted communities at natural and relatively
converted (90 % annual cropland or 90 % tame grass) states. We used a
minimum of 50 random starts for the NMDS to find solutions that were
repeated at least once (k = 2 dimensions).

2.7. Effects of conservation lands on predicted biodiversity

We compared the predicted biodiversity in places with conservation
easements (protected areas under private ownership) to random points
outside of protected areas. We used conservation easements delivered by
Ducks Unlimited Canada completed prior to 31 March 2016, which
corresponds to imagery used for land cover classification. For each
conservation easement (n = 312), we selected a random point within 10
km that fell outside of the conservation easement and Canada's Pro-
tected and Conserved Areas Database (Environment and Climate Change
Canada, 2021) for comparison. We chose 10 km to compare places with
similar species pools and land cover. We fit a generalized linear mixed-
effects model (GLMM,; Poisson family) comparing the predicted species
richness at each site (response) between the protection categories
(conservation easement or no protection, fixed-effect) using the Ime4
package (Bates et al., 2015). We included a random intercept term for
project because of our paired sampling design. We also extracted the
proportion of each site with natural habitats (summed proportion
wetland, open water, native grassland, and forest). We compared the
proportion of natural habitat (response) at each site using a GLMM
(binomial family) with protection category (fixed effect) and project
(random intercept term) as predictor variables.

3. Results
3.1. Species distribution models and biodiversity predictions

Overall, our species distribution models performed well using AUC
as a benchmark (mean + SE; 0.80 + 0.01, Fig. S4). Of the 329 modelled
species, 46 were below our benchmark AUC of 0.70 (Table S4). There
was no effect of taxonomic group on a species' AUC (y? = 2.28, df = 3, P
= 0.52) and there was a marginal negative effect of the number of ob-
servations on a species' AUC (X2 =3.75,df =1, P = 0.05). Species with
AUC < 0.70 included rare or difficult to detect species with very few
observations (e.g., Arctic Shrew, Sorex arcticus, n = 22) and ubiquitous
common species (e.g., Mallard, Anas platyrhynchos, n = 18,521; Coyote,
Canis latrans, n = 8952).

The wetland bird species richness predicted by species distribution
models was positively associated with the species richness of wetland
birds detected by ARUs (3% = 14.80,df =1,P = 1.2 x 10~%, n = 192,
Fig. S5A). The wetland bird species richness predicted by species dis-
tribution models overpredicted the species richness of wetland birds
detected by ARUs, but there was only one ARU at each 805 m x 805 m
site and some species may have been present elsewhere within the site.
The anuran species richness predicted by species distribution models
was not associated with anuran species richness detected by ARUs (3% =
0.29, df = 1, P = 0.59, n = 192); however, the species pool was small
(Fig. S5B).
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Predicted species richness (a-diversity) in our study area varied from
0 to 238 per site (66 + 0.1 species; Figs. 2, S6A), including 2 + 0.002
amphibians, 50 + 0.05 birds, 13 + 0.01 mammals, and 1 + 0.002 rep-
tiles per site. The predicted y-diversity varied from 231 to 304 (278 +
0.02; Fig. S6B). There were 2543 of 715,946 sites with >75 % of
available species, using our estimates of y-diversity (164,792 ha; 0.35 %
of study area). Hotspots of predicted species richness differed between
major taxonomic groups (Fig. S7) and included major rivers and river
valleys, such as the Assiniboine River and the South Saskatchewan
River.

3.2. Most important variables affecting biodiversity

The four variables with the largest median effect on habitat suit-
ability per species were proportion human settlement, proportion forest
within a 10 km moving window, climate PC1, and proportion annual
cropland (Fig. 3A). Considering current variation in environmental
covariates, the predicted species richness had an approximately
quadratic relationship with the proportion of human settlement
(Fig. 3B). The predicted species richness had an approximately quadratic
relationship with the proportion of forest within a 10 km moving win-
dow (Fig. 3C). Although climate PC1 was one of the most important
variables affecting habitat suitability, there was no relationship between
predicted species richness and climate PC1 (Fig. 3D). Finally, the pre-
dicted total species richness decreased substantially from 50 % to 100 %
annual cropland within a site (Fig. 3E). The four most important vari-
ables differed between taxonomic groups (Table S5), with amphibian
species' habitat suitability strongly influenced by climate and less by
land cover.

3.3. Effects of land cover change on biodiversity

When simulating changes from natural land cover to annual crop-
land, there was a clear decline in predicted species richness overall and
for each taxonomic group (Fig. 4A). The species richness (% of
maximum) declined from 96.8 % (£ 0.1 %) when there was no annual
cropland to 6.8 % (+ 0.2 %) when the whole site was annual cropland
(GAM prediction; adjusted-R? = 0.98). The decline in species richness
with more annual cropland was approximately linear, but the response
was dominated by birds (241 of 329 species). The decline in species
richness with more annual cropland was steepest at high proportions of
cropland for amphibians and mammals. The model predicted retaining
20 % of a site as natural habitat would retain 26.5 % (+ 0.5 %) of species
richness and retaining 10 % would retain 17.5 % (& 0.4 %) of species
richness (Fig. 4C). The NMDS analyses showed when sites contained
natural habitat, the communities were relatively similar. As more land
was converted to annual cropland, the species distribution models pre-
dicted that communities diverged in community composition (Fig. S8).

When simulating changes in land cover from natural land cover to
tame grass, there was a decline in predicted species richness (% of
maximum) overall and for each major taxonomic group that was less
steep than the decline from changing natural land cover to annual
cropland (Fig. 4B). Amphibian species richness (% of maximum) showed
a bimodal relationship with the proportion tame grass, but the com-
munity size was relatively small (9 modelled species) so changes in 1-2
species had high proportional responses. The total species richness (% of
maximum) declined from 90.5 % (& 0.3 %) when there was no tame
grass to 38.0 % of maximum (+ 0.7 %) when the whole site was tame
grass (GAM prediction; adjusted-R?> = 0.87). The decline in species
richness with more tame grass was most steep when there were very low
amounts of natural habitats, and the model predicted retaining 20 % of a
site as natural habitat would still retain 74.3 % (+ 0.5 %) of species
richness and retaining 10 % would retain 67.8 % (& 0.6 %) of species
richness. As more land was converted to tame grass, the communities
shifted in composition but were more similar to sites with natural hab-
itats than when land was converted to annual cropland (Fig. S8).
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Fig. 2. The predicted species richness of terrestrial vertebrates (n = 329 species) in Prairie Canada (inset in A) using individual species distribution models for

amphibians (A, B), birds (C, D), mammals (E, F), and reptiles (G, H).
3.4. Effects of conservation lands on predicted biodiversity

Sites with conservation easements had a higher species richness (114
+ 2 species) than paired random points outside of protected and
conserved areas (82 =+ 3 species; X2 = 1610.2, df = 1, P < 0.001;
Fig. 5A). Sites with conservation easements had higher proportions of
natural habitat (mean = 0.48 + 0.01) than paired random points outside
of protected and conserved areas (0.32 + 0.02; XZ =14.09,df =1,P <
0.001; Fig. 5B).

4. Discussion

We found substantial variation in predicted terrestrial vertebrate

biodiversity across Prairie Canada, and much of it was explained by the
amount of natural habitats. However, we assert that it is possible to
conserve biodiversity in this working landscape while still producing
food and supporting the livelihoods of agricultural producers. First,
despite being the most important and largest agricultural region in
Canada (Campbell et al., 2002; Government of Canada, 2021), there are
still many sites with high predicted biodiversity relative to the number
of species whose range overlaps a site. Second, we found evidence that
conserving natural habitats within agricultural landscapes can support a
substantial subset of biodiversity. These results provide evidence to
support policies and programs that conserve remaining natural habitats
on farmland through incentives in long-term programs, such as con-
servation easements (Rissman et al., 2007) and shorter-term
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predicted species richness. D) The effect of climate PC1 on the predicted species richness. E) The effect of proportion annual cropland on the predicted species
richness. In B, C, D and E: Gray points are a random selection of 50,000 sites (805 m x 805 m), and black lines are predictions from a General Additive Model.

conservation agreements (e.g., Paterson et al., 2023). In addition, our
results provide evidence that areas planted with tame grass for forage or
haying such as through crop rotations or longer-term incentive programs
for conservation will support more biodiversity than annually cropped
areas.

4.1. Species distribution models and biodiversity predictions

Our spatial predictions of biodiversity can be used for prioritizing
areas and estimating consequences of land cover change in this region.
For example, by targeting habitat conservation at sites with the highest
predicted species richness overall or by region. Further, by quantifying
the relationship between species habitat suitability and land cover
across large regions, tools of this type are well suited to quantify the
impact of policy decisions pertaining to biodiversity conservation.
Because our approach uses species-specific layers, it also is well suited
for targeting conservation for important species subsets (e.g., species at
risk) and informing the mitigation hierarchy in land development
planning (avoid, mitigate, offset; Phalan et al., 2018).

While there are many existing and emerging tools for prioritizing and
planning conservation actions (Hanson et al., 2019b; Sarkar et al., 2006;
Watts et al., 2009), the predicted biological responses (e.g., species
richness) are typically at coarse spatial scales. Our results advance
biodiversity conservation by providing predictions of biodiversity
response based on species-specific associations with land cover at the
scale where land use decisions are made. Our approach is applicable in
other regions and for other taxonomic groups. Ultimately, we see this

approach being used in combination with data on the economic and
societal costs of biodiversity loss and conservation to identify cost-
effective sites and approaches for maintaining and restoring biodiver-
sity (Asare et al., 2022; Naidoo et al., 2006; Rashford and Adams, 2007).
Our approach is consistent with numerous Essential Biodiversity Vari-
ables proposed to monitor global biodiversity (Pereira et al., 2013),
including ecosystem distributions, species distributions, and community
composition.

4.2. Most important variables affecting biodiversity

The three land cover variables with the largest median effect on
species' distribution models were proportion human settlement, pro-
portion forest within 10 km, and proportion annual cropland. The pro-
portion of human settlement was the single most important predictor for
many species associated with urban and suburban areas, including
Chimney Swift (Chaetura pelagica) and Eastern Gray Squirrel (Sciurus
carolinensis). The proportion of human settlement was generally posi-
tively associated with species richness, which is partly explained by a
subset of species associated with human settlement. Not as many species
had strong negative relationships with the proportion of human settle-
ment, but this habitat type was rare in our study area (mean proportion
= 0.01). The proportion forest within 10 km had a large effect on
biodiversity. Many species are dependent on treed habitats, such as
cavity nesting birds and large mammals. The relative rarity of this
habitat meant species richness was associated with this variable and
conserving treed habitat will support a subset of species within Prairie
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Fig. 4. The predicted effects of land cover change from mostly natural habitats on a gradient of increasing A) annual cropland and B) tame grass (perennial cropland)
at 805 m x 805 m sites using species distribution models for all species of terrestrial vertebrates (black; n = 329 species), amphibians (pink), birds (blue), mammals
(orange), and reptiles (green) in Prairie Canada. Lines are predictions from General Additive Models from simulations at 100 sites and ribbons represent 95 %
confidence intervals. The predicted change in species richness from conserving natural habitats within C) annual cropland and D) tame grass.

Canada. The proportion of annual cropland had a negative relationship
with biodiversity and all the species' models where cropland was an
important predictor displayed negative associations with the proportion
annual cropland. The negative association between annual cropland and
biodiversity is supported by studies in Prairie Canada (Mantyka-Pringle
et al., 2019), other regions (Fahrig et al., 2015) and for other taxonomic
groups (Raven and Wagner, 2021).

The maximum patch sizes of natural habitats were important pre-
dictors for some species even though they had low median effects among
species. Maximum patch size was especially influential on native
grassland specialists (Swift Fox, Vulpes velox, variable importance =
61.4 %; Sprague's Pipit, Anthus spragueii, variable importance = 45.3 %)
and species associated with large water bodies (Western Grebe, Aech-
mophorus occidentalis, variable importance = 46.7 %; Piping Plover,
Charadrius melodus, variable importance = 46.9 %). The high variable
importance of maximum patch size highlights that conserving remaining
contiguous blocks of habitat is critical for many species in our study
area, including multiple species at risk.

4.3. Effects of land cover change on biodiversity

Our simulations of land cover change from natural habitats to annual
cropland or tame grass support two conclusions. First, initiatives that
conserve remnant patches of habitat within farm fields are valuable
because we found retaining 10-20 % natural habitat within fields can

support terrestrial vertebrate biodiversity. The negative association
between agricultural land cover change and species richness occurred in
each taxonomic group and overall richness, despite some species being
positively associated with these habitats. Although retaining natural
habitat within fields can support biodiversity, our results also strongly
support conserving large patches of remaining natural habitats because
of the negative association between agricultural land cover and species
richness. In addition to a decrease in total species richness, we observed
a shift in community composition, based on which species we predicted
to be present (Fig. S8), as found in other biodiversity hotspots with high
land cover change (Vargas Soto et al., 2022).

The second conclusion from our land cover change analyses is that
tame grass fields for hay or pasture support an intermediate proportion
of vertebrate biodiversity within agricultural landscapes between nat-
ural habitats (highest diversity) and annual croplands (lowest diversity).
This is consistent with previous findings that tame grass provides habitat
for biodiversity, including nesting waterfowl (Arnold et al., 2007) and
pollinators (Carvell et al., 2006). For supporting biodiversity in Prairie
Canada, conserving existing native grasslands should be a high priority
because they continue to be lost (Gage et al., 2016), support specialist
species in long-term decline (Mahony et al., 2022) and are challenging
to restore (Knight and Overbeck, 2021). However, converting annual
croplands to tame grass represents a relatively efficient restoration ac-
tivity that 1) keeps land within agricultural operation, as opposed to
land ‘sparing’ and 2) can support a substantial proportion of
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biodiversity.

4.4. Limitations

Despite generally good model performance indicators and detecting
biologically plausible (and predicted) relationships between species and
habitats, our approach does have some limitations from the type of
species observations we used and the accuracy of remotely sensed land
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cover data. Most observation sources we used are ‘presence only’ which
prevents direct estimation of detection probability or survey effort,
minus some structured bird data, such as the North American Breeding
Bird Survey. Thus, we used MaxEnt species distribution models that
compared presence locations to background points, which risks spatial
biases in observation data. While we estimated and corrected for spatial
bias in observation data using Target Group Sampling, it is possible our
corrections were inadequate. Besides the observation data, our land
cover habitat predictors are from remotely sensed data and some habi-
tats are difficult to distinguish using satellite data. For example, the
classification of native grassland may have some errors because the
focus of the land cover product is to separate grasslands managed with
grazers, unmanaged grasslands (e.g., right-of-ways) and perennial
cropland (haylands). Given the habitat associations we observed be-
tween native grassland amount with native grassland specialists, the
error is unlikely to strongly affect our inferences. Future land cover
products should focus on distinguishing native and tame grasslands in
this region. Next, we used species observations centered on the land
cover classification dates (2015-2016), but we recognize that this choice
likely contributed statistical noise when land cover at the time of a
species observation did not match the land cover in the 2015-2016 data.
Finally, we limited the number of predictor variables by grouping major
land cover classifications, such as annual crop type. Species likely
respond differently to different annual crops, and future work should
separately estimate how different annual crop field types affect
biodiversity.

5. Conclusions

Land use change is the largest direct driver of terrestrial biodiversity
loss, and estimating the relationship between biodiversity and major
categories of land cover change allowed us to test how species are
responding to change. Our results highlighted local biodiversity hot-
spots within Prairie Canada and supported the hypothesis that
conserving natural habitats within farm fields can support substantial
portions of this landscape's biodiversity in combination with conserving
larger blocks of natural habitats for species sensitive to connectivity and
patch size. In the future, species distribution models incorporating fine-
scale habitat data can be used to build and expand on conservation tools
that estimate return-on-investment of different actions (Carwardine
et al., 2019; Hanson et al., 2019a; Silvestro et al., 2022; Watts et al.,
2009), including habitat conservation, restoration efforts, biodiversity
policy, and land use planning.
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