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Abstract
The prairies and savannahs historically found in the Mixedwood Plains Ecozone have been largely converted into farmland,

the dominant present-day land cover. Consequently, many species native to these grasslands have shifted to inhabiting
suitable agricultural lands. More recently, agricultural intensification has led to the conversion of pastures and hay fields to
annual crops, further removing habitat suitable for the persistence of grassland species. We quantified the shift from pasture
and forage to annual crops as well as the dynamics among agricultural lands and other land covers in the Mixedwood Plains
Ecozone, predicting biodiversity implications by providing a case study on Eastern Meadowlark (Sturnella magna (Linnaeus,
1758)). The total agricultural land area changed little over the study period, but area of pasture and forage decreased while row
crop area increased. The loss of agricultural lands to urbanization was partly offset by the conversion of forests and wetlands;
however, the farmland gained was of lesser agricultural quality than the farmland lost. Declines in Eastern Meadowlark
abundance correlated significantly with carrying capacity loss, suggesting that habitat availability is a limiting factor for this
species. We highlight the importance of land management policies to minimize the impacts of land conversion on biodiversity
and agricultural production.
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1. Introduction
The agricultural landscape in Canada changed dramatically

over the last half of the 20th century, shifting from extensive
to more intensive agriculture, as global agricultural industri-
alization drove improvements in mechanization, plant breed-
ing, farm consolidation, irrigation, increased use of nutrients
and pesticides, and shifts to intense livestock management
(Parson 1999). While these changes have vastly increased the
productivity of farmland, they have come at a cost to environ-
mental sustainability. For example, advances in plant breed-
ing have made it possible to grow crops such as soy at more
northerly latitudes (Government of Canada 2017), expanding
the area of native habitat that could be converted to farm-
land; an estimated 65%–70% of Canada’s suitable agricultural
lands were converted from natural areas by the 21st century
(Gauthier and Wiken 2003).

Agricultural intensification is recognized globally as a sig-
nificant driver of biodiversity loss (Dudley and Alexander
2017; FAO 2019, 2020; IPBES 2019) and wildlife distribu-
tions (Fontaine et al. 2017), suggesting that changes to on-
farm practices and agricultural policies may have important
wildlife conservation effects. We use publicly available spa-
tial data to measure recent changes in agricultural land use in

Canada’s Mixedwood Plains Ecozone to estimate native bio-
diversity impacts.

Canada’s Mixedwood Plains Ecozone extends from its
southern and western edges in Ontario along Lakes Huron,
Erie, and Ontario, and the St. Lawrence River and extends into
southern portions of Quebec along the St. Lawrence lowlands
(Crins et al. 2009). Agriculture is the dominant land cover,
comprising 55% of the land area (calculated from Natural Re-
sources Canada (2020) not including open water). As a re-
sult, the ecozone is one of Canada’s main agricultural re-
gions and it contains 34% of Canada’s farms (based on in-
tersecting Census of Agriculture consolidated subdivisions;
Statistics Canada 2021a) and 14% of Canada’s farmland (cal-
culated from Natural Resources Canada 2020). The region
accounts for the majority of Canada’s corn, soy, and dairy
production (Statistics Canada 2018, 2021a, 2023). The Mixed-
wood Plains Ecozone is also densely settled——home to approx-
imately 20.1 million people in 2021, an increase of 10.4%
since 2011 (Statistics Canada 2021b, 2022a).

Despite the high level of human disturbance in the Mixed-
wood Plains Ecozone, it remains an ecologically diverse area
of Canada where remnant forests and wetlands provide habi-
tat for thousands of plant and animal species. Historically
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the ecozone was a mosaic of forests, wetlands, alvars, fresh-
water ecosystems, and, in the southwest, tallgrass prairies
and savannahs (Crins et al. 2009), most of which have been
converted to urban and agricultural lands (Natural Resources
Canada 2020). Tallgrass prairie and savannah habitat are
among the most threatened and rare ecosystems within the
ecozone and are estimated to currently cover less than 3% (as
of 1992) of their historic extent (Environment Canada 2010).
These prairies and savannahs would likely have been habitat
for many grassland specialists that as native grassland habi-
tat was converted, likely either disappeared from the land-
scape or adapted to using suitable farmland. At present, with
the near-total loss of native grassland habitat in the ecozone,
grassland species that rely on suitable farmland habitat such
as pastures and hay fields face a renewed threat from the de-
cline of perennial crops.

The Eastern Meadowlark (Sturnella magna (Linnaeus, 1758))
is one such grassland species that inhabited the tallgrass
prairies of the Mixedwood Plains Ecozone prior to European
arrival (Askins 1999). Meadowlarks were able to benefit from
the expansion of pastures and hay fields across southern
Ontario and Quebec during the 19th century, but are cur-
rently in decline (COSEWIC 2011) and listed as Threatened
by Canada’s Species at Risk Act and Ontario’s Endangered
Species Act. Declines have been primarily attributed to habi-
tat loss by means of conversion of pastures and hay fields to
row crops, reforestation, urbanization, earlier and more fre-
quent mowing of hay, predation and parasitism, habitat frag-
mentation, and pesticide use (COSEWIC 2011). The lack of re-
maining native habitat in the ecozone means Eastern Mead-
owlarks face regional extirpation if suitable farmland habitat
is not conserved or grassland habitat restored.

Data from Statistics Canada’s Census of Agriculture show
that farmland area in Ontario and Quebec has decreased
from 8.5 million ha in 2011 to 7.9 million ha in 2021
(Statistics Canada 2022b), the equivalent of losing 154 ha of
farmland per day. This oft-cited farmland loss has been pri-
marily attributed to the increasing human population and as-
sociated urban sprawl (AgMedia Inc. 2014; Ontario Farmland
Trust 2022; CBC News 2023). Similarly, the Institut de la statis-
tique du Québec reported a loss of 440 000 ha of farmland in
Quebec during the 2000s and 2010s (Institut de la statistique
du Québec 2023). Historical census data reveal that this trend
is not new, with the total farmland area having declined by
44% in Ontario from the 1920s to the 2000s and 51% in Que-
bec from the 1950s to the 2010s and the number of farms
having declined by 74% in Ontario and 78% in Quebec during
the same time periods (Smith 2015; Ruiz 2019). Smith (2015)
also showed that, in Ontario, the overall cropland area has
been stable since the 1920s but that conversion from peren-
nial pastures to annual crops has occurred. However, the Cen-
sus of Agriculture reports farmland area as all lands on farms,
including wetlands and forests, rather than lands actively in
use for agriculture, thus obscuring habitat conversion. When
lands not actively in use for agriculture are removed, the cen-
sus shows a more moderate loss of 98 000 ha——from 5.9 mil-
lion ha in 2011 to 5.8 million ha in 2021, or 27 ha per day in
Ontario and Quebec. The census data also do not inform the
dynamics among agriculture and other land cover types, such

as urban lands, forest, and wetlands. We aimed to address the
shortcomings of the Census of Agriculture data by assessing
agricultural land change in the Mixedwood Plains Ecozone
using land cover datasets derived from remotely sensed data.
Previous studies have also examined land change in the Que-
bec portion of the Mixedwood Plains Ecozone using remotely
sensed data or aerial photographs (Jobin et al. 2010, 2014;
Dauphin and Jobin 2016; Drapeau et al. 2019). However, the
most recent study periods were from 1993 to 2001 (Jobin et
al. 2010) and 1993 to 2014 (Drapeau et al. 2019); the former
assessed land use and relative change at an ecoregion scale
and land change dynamics at a 1 km resolution, while the
latter assessed agricultural land change at a bioclimatic zone
scale, similar to the ecoregion scale.

The ability to assess land cover using remotely sensed
data has improved in recent years. Multiple publicly avail-
able land cover datasets are available in Canada that identify
agricultural land as well as distinguish among types of agri-
culture. We used the best available datasets to assess land
cover change with respect to the agricultural landscape in
the Mixedwood Plains Ecozone. We quantified the shift from
perennial pasture and forage (hereafter referred to as pas-
ture/forage) to annual row crops as well as conversion from
agriculture to and from other land cover types. We hypothe-
size that the shifting agricultural landscape affects biodiver-
sity and provide a case study quantifying the potential impli-
cations on the threatened Eastern Meadowlark population,
comparing modelled carrying capacity to changes in abun-
dance reported by a breeding bird atlas.

2. Methods

2.1. Study area and period
The study area was the Canadian portion of North Amer-

ica’s Mixedwood Plains Ecozone, an 11.3 million ha area of
land and freshwater that stretches from the mouth of the St.
Lawrence River in the east to Lake Huron in the west. His-
torically, this ecozone was primarily composed of temperate
mixed and broadleaf forests, wetlands, lakes, and rivers, but
also smaller areas of tallgrass prairie and savannah ecosys-
tems (Greidanus 2021). We divided the study area into 25 km2

hexbins within which we calculated land cover change, patch
size change, and performed our case study analysis. Partial
hexbins, smaller than 15 km2, which were exclusively located
on the periphery of the study area, were not included in the
analysis. Manitoulin Island and St. Joseph Island were also ex-
cluded because row crops and pasture/forage were not differ-
entiated there in some datasets. The final study area (Fig. 1)
was 10.4 million ha, 92% of Canada’s Mixedwood Plains Eco-
zone. The study period was 2011–2022, which matched the
availability of the main input dataset used in this study.

2.2. Land cover change
We used Agriculture and Agri-Food Canada’s Annual Crop

Inventory (ACI; Agriculture and Agri-Food Canada 2022)
and Land Use Time Series (LUTS; Agriculture and Agri-Food
Canada 2023) to assess land cover change with respect to
farmland across the study area. We classified the landscape
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Fig. 1. Map of the study area extent: the Canadian portion of the Mixedwood Plains Ecozone excluding Manitoulin Island and
St. Joseph Island in Lake Huron. Mapping data from Statistics Canada (2016a, 2016b) and USCB (2018).

into six land cover types: (1) annual crops, (2) pasture/forage
(which includes tame grasses, alfalfa, and clover), (3) anthro-
pogenic, (4) forest, (5) wetland, and (6) grassland (not used
for agriculture) and shrubland. Other land cover types such
as open water and rocky barrens were not included because
they are not typically converted to and from farmland. Next,
we calculated the area of row crops and pasture/forage for
each hexbin at the beginning and end of the study period us-
ing two different methods (below) and determined the area
that changed from row crops and pasture/forage to another
land cover type (and vice versa) over the study period.

2.2.1. Classifying agricultural lands

The ACI and LUTS both differentiated between row crops
and pasture/forage, but neither were adequate for this analy-
sis on their own. The ACI was unable to consistently differ-
entiate pasture/forage and shrubland and did not perform
well with non-agricultural land cover types. The LUTS differ-
entiated annual and perennial crops for the 2015 and 2020
datasets, but not the 2010 dataset, which would have limited
our study to two data points, 5 years apart.

We therefore used the ACI data to differentiate row crops
and pasture/forage and LUTS data to determine the extent
of the agriculture to limit false-positive agriculture classifi-
cations. Shrubland, a problematic land cover class in the ACI
data, which was frequently misclassified with pasture/forage,
we merged with pasture/forage. Next, we masked the ACI
data with the merged shrubland and pasture/forage with the
agriculture extent from the temporally closest LUTS dataset
to create the final annual crop and pasture/forage layers. Al-

though the LUTS data differentiate annual and perennial agri-
culture (which is generally synonymous with row crops and
pasture/forage) for 2015 and 2020, we used the same method-
ology for consistency across all years. The result was a raster
for each year from 2011 to 2022 with a best estimate for row
crop and pasture/forage extent.

Land classified as agriculture in the LUTS data but classi-
fied as a land cover type other than agriculture or shrubland
in the ACI data was not included as annual crops or pas-
ture/forage. We validated the results of the classification by
choosing 100 hexbins at random and randomly distributing
100 points on lands classified as annual crop and 100 points
on lands classified as pasture/forage and using Google Earth
historical imagery from 2011 to 2013 and 2020 to 2022
and Google Street View from the same years to confirm
the classifications. We excluded locations within 50 m of
patch edges for random point selection because our source
datasets were reprojected, which may cause edge alignment
issues. We also ensured points were at least 100 m apart.
Not all points were able to be validated due to uncertainty
in the interpretation of the imagery or lack of imagery, so
we arbitrarily chose a cutoff of a minimum of 50 validated
points. If that minimum was not met, a second random point
selection process was completed.

2.2.2. Calculating agricultural land area

Single year remotely sensed data may include inaccuracies
due to poor atmospheric conditions, abnormal ground condi-
tions, and crop rotation; for example, corn and soy rotations
may periodically be seeded with a forage crop (Parsons et al.
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2020). Because of these potential inaccuracies, we used two
methods to determine a best estimate for the area of row
crops and pasture/forage for the beginning and end of the
study period: (1) We fit a linear regression to the tabulated
area of agriculture for each of the 12 years in the study
period. The intercept of the regression was the agricultural
area at the beginning of the study period and the intercept
minus the slope multiplied by 12 was the agricultural area
at the end of the study period. (2) We used a majority rule
method for the 3-year blocks of 2011 through 2013 and 2020
through 2022. Any single pixel was classified as a specific
land cover type if it was classified as such in 2 or 3 years of
the 3-year blocks. We validated the results of each method
by regressing the results of one against the other. Our final
reported area was the average of the two methods.

2.2.3. Calculating land change

We used the annual crop and pasture/forage extents cal-
culated using the majority rule method to determine land
change to and from other land cover types. For each pixel
that either became or ceased being row crop or pasture/forage
over the study period, we determined which land cover type
it became or was and tabulated the results by hexbin. We val-
idated land change in the same method as agricultural land
classification.

2.3. Patch size
Contiguous agricultural patches were defined as row crop

or pasture/forage areas unbroken by roads or other land cover
types. Roads are a cause of mortality, fragmentation, and
reduced habitat quantity and quality for many animals in-
cluding birds (Rytwinski and Fahrig 2015) and all classes of
roads are known to affect certain wildlife groups like insects
(Muñoz et al. 2015), so we did not discriminate by road class
as a source of habitat fragmentation. Adjacent row crop and
pasture/forage fields were considered separate patches. Patch
size was calculated by summing all raster cells of the same
cover type, either row crop or pasture/forage, that touched
on their sides. Cells that touched on their vertices were not
considered contiguous. The total number of patches as well
as the mean patch size was calculated for the entire study
area for the beginning and the end of the study period us-
ing agricultural extent from the majority rule method. Ad-
ditionally, we calculated patch size and number by hexbin;
however, this approach is vulnerable to habitat patches that
straddle hexbins. In such cases, hexbins were split, thus giv-
ing an overestimation of the number of patches and an un-
derestimation of the average patch size. We quantified this
error comparing the patch size and number for the whole
study area to the cumulative totals from all hexbins.

2.4. Case study: Eastern Meadowlark carrying
capacity and relative abundance

Eastern Meadowlark is a grassland bird species that, within
our study area, breeds in pastures, hay fields, and other
meadow habitats. Eastern Meadowlarks have been found to
have territories as small as 1.2 ha but an average territory

size between 2.8 and 3.2 ha (COSEWIC 2011). We calculated
Eastern Meadowlark carrying capacity for each hexbin as the
sum of the number of average territories (3 ha) that can fit
in each pasture/forage patch larger than 1.2 ha. Fields be-
tween 1.2 and 3 ha were counted as one territory. This hy-
pothetical carrying capacity, which assumes the habitat in
each pasture/forage patch is suitable for the species, was cal-
culated for the beginning and the end of the study period.
Similar to the patch size calculations, a source of error for
carrying capacity estimation was patches that straddled mul-
tiple hexbins. We quantified this error by calculating carrying
capacity for the whole study area and comparing to the cu-
mulative totals from all hexbins. Additionally, because grass-
land bird distribution has been shown to be little affected
by low use roads (Forman et al. 2002), we also quantified the
error associated with dividing habitat patches by roads. We
first buffered pasture/forage patches by 30 m, approximately
1.5 × the standard road right of way width of 20.1 m (66 feet).
Thus, buffered pasture/forage patches would entirely cross
road rights of way where patches were adjacent to the road,
giving a 10 m margin for error. Buffered patches that inter-
sected were determined to be adjacent and if the intersect-
ing area also intersected a local road (Statistics Canada 2020)
then those adjacent patches were merged and the road area
between them was included as part of the new patch.

Next, we compared the changes in hypothetical carry-
ing capacity of Eastern Meadowlark in each hexbin to real-
ized changes of Eastern Meadowlark relative abundance. We
used data from the Ontario Breeding Bird Atlas (OBBA), a bi-
decadal record of avifauna breeding evidence in Ontario, to
calculate the change in relative abundance for each hexbin
in the study period. We used geospatially referenced point
count data from the second OBBA (2001–2005; Birds Canada
2023a) and from the first 3 years of the third OBBA (2021–
2025; Birds Canada 2023b). Unfortunately, we could not com-
plete this analysis for the Quebec portion of the study area
because point count data were collected for only one atlas
period. We were also unable to use Breeding Bird Survey
data as a substitute for atlas data in Quebec because of the
small number of suitable survey routes with Eastern Mead-
owlark observations within the study area. We aggregated
point counts by hexbin and calculated Eastern Meadowlark
relative abundance as the number of meadowlarks detected
per point count per hexbin during the point count observa-
tion period of May 24 to July 10 (Ontario Breeding Bird Atlas
2021), which is fully enveloped by the Eastern Meadowlark
breeding season of May 15 to July 31 (Ontario Breeding Bird
Atlas 2023). We assessed the correlation between carrying ca-
pacity and meadowlark relative abundance using linear re-
gressions. Only hexbins with at least one point count in each
of the two atlas periods were retained for abundance analysis.

3. Results

3.1. Land cover change
Both the majority rule and intercept methods used to cal-

culate agricultural area produced comparable results. The re-
sults from the intercept method, when regressed against the
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Table 1. Summary of the agricultural land cover area at the beginning and the end of the study
period.

Land cover Study period start (1000 ha) Study period end (1000 ha) Change (%)

Row crop 3400 3840 12.9

Pasture/forage 1700 1270 −25.3

Total agriculture 5100 5110 0.2

Note: Values are the summed averages of the majority rule method and the intercept method as calculated for the 4266 hexbins in
the study area.

Table 2. Summary of the land cover dynamics over the study period.

Land cover change To (1000 ha) From (1000 ha) Net change (1000 ha)

Pasture/forage to/from row crop 357 23 334

Agriculture to/from urban 65 0 65

Forest to/from agriculture 16 1 15

Wetland to/from agriculture 5 0 5

Note: Values are the sums from the 4266 hexbins in the study area as calculated by the majority rule method.

results of the majority rule method, produced an R2 value of
0.998 for row crops and 0.982 for pasture/forage, although the
intercept method calculated, on average, a slightly smaller
area as indicated by the slope of 0.964 for row crops and 0.948
for pasture/forage. We estimated that at the beginning of the
study period there were 3.40 million ha of annual crops and
1.70 million ha of pasture/forage in the study area (Table 1).
The area of row crops increased by 0.44 million ha to 3.84
million ha by the end of the study period, an annual increase
of 1.08%. Pasture/forage decreased by 0.44 million ha to 1.27
million ha by the end of the study period, an annual decrease
of 2.14%. The total area of agriculture remained virtually un-
changed over the study period, increasing by only 0.005 mil-
lion ha.

The conversion of pasture/forage to annual crops was the
largest land cover change that we observed, with a net total
of 334 000 ha converted (Table 2; 357 000 ha converted from
pasture/forage to row crops and 23 000 ha converted from
row crops to pasture/forage). Conversion of pasture/forage
to annual crops was largely along the edge of the Canadian
Shield where most of the pasture/forage in the Mixedwood
Plains remains (Fig. 2). Over 65 000 ha of agriculture were
converted to urban, primarily in the Greater Toronto Area
(Fig. 3). There was a net loss of over 15 000 ha of forest to
agriculture (15 860 ha of forest to agriculture and 840 ha
of agriculture to forest), with a hotspot of deforestation for
agriculture in far eastern Ontario (east of the Rideau River
system) where approximately 6000 ha of forest were con-
verted (Fig. 3). There was negligible conversion of row crops to
forest; conversion of agriculture to forest was driven nearly
entirely by the conversion of pasture/forage to forest. Over
5400 ha of wetlands were converted to agriculture with a
hotspot in the County of Dufferin region of southern On-
tario (Fig. 3), while 50 ha were converted from agriculture to
wetlands.

Validating database landcover change using aerial and
street level imagery confirmed the classification of row crops
and pasture/forage was highly successful (100% and 96%, re-
spectively; Table 3). Classification success of lands converted

from pasture/forage to row crops was also very good (88%);
however, classification success of lands converted from row
crops to pasture/forage was relatively poor (69%). Errors as-
sociated with classifying conversion of row crops to pas-
ture/forage were all misclassifications of either row crops as
pasture/forage or vice versa. Classification success of conver-
sion of agriculture to urban and forest to agriculture was high
(92.5% and 98%, respectively) and wetland to agriculture was
poor (62.7%). Errors associated with wetland conversion to
agriculture were mostly classification errors of agriculture as
wetland, specifically, agriculture that had been wetland prior
to the study period.

3.2. Patch size and Eastern Meadowlark
carrying capacity and relative abundance

Over the study period, mean patch size of annual crops
based on the entire study area increased 37(25)% from
17.0(14.3) to 23.2(17.9) ha, while mean patch size of peren-
nial pasture/forage increased 7(4)% from 2.8(2.7) to 3.0(2.8)
ha (values in parentheses are those calculated using the per-
hexbin method and do not account for patches split between
hexbins). The patch count per hexbin of annual row crops
decreased 19(11)% from 47.6(56.2) to 38.5(49.8), while the
patch count of perennial pasture/forage decreased 26(24)%
from 140.0(146.6) to 103.1(111.9). The hypothetical carrying
capacity of Eastern Meadowlarks for the entire study area de-
creased 20% from 499 400 pairs to 397 800 pairs. Cumulative
carrying capacity based on individual hexbin calculations de-
creased 21% from 498 100 pairs to 393 000 pairs and carry-
ing capacity accounting for local roads decreased 21% from
515 600 pairs to 405 900 pairs.

The OBBA data showed that the mean Eastern Meadowlark
count per point count per hexbin (hereafter referred to as
abundance) decreased by 28.8% from 0.234 to 0.166 between
the second and third atlas. Change in OBBA abundance per
hexbin correlated significantly (linear regression; P < 0.001)
with change in hypothetical carrying capacity, with each loss
of capacity of 100 pairs per hexbin resulting in a decrease of
0.09 detected birds per point count per hexbin.
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Fig. 2. Row crop (panel A) and pasture/forage (panel B) area per hexbin at the beginning of the study period and pasture/forage
to row crop conversion area per hexbin over the study period (panel C). Mapping data from Statistics Canada (2016a, 2016b)
and USCB (2018).

4. Discussion
By measuring agricultural land use change from 2011 to

2022, we showed a large and increased conversion of peren-
nial pasture/forage cover to annual crop land across the
Mixedwood Plains Ecozone in Ontario and Quebec, Canada.
We linked this change to declining suitable habitat for East-
ern Meadowlark that correlated with decadal trends in mead-
owlark population size. We also found that total farmland
area has changed little over the decade, because farmland
losses to urbanization were partially offset by the conversion
of forests and wetlands to farmland.

4.1. The changing agricultural landscape
Although the absolute agricultural area in the Mixedwood

Plains changed little over the study period, we found a dra-
matic shift from perennial pasture/forage agriculture to an-

nual row crops as well as a more modest shift of where agri-
cultural lands were located. The overall loss of 0.44 million
ha of pasture/forage resulted in a loss rate of 2.1% per year
(25.9% total) over the study period. By comparison, the rate
of loss was approximately three times greater than the 90
year (1921–2011) average annual decline of pasture and hay
in Ontario (approximately 0.7% per year; estimate using data
presented in graphs from Smith (2015) and Statistics Canada
(2022b). The conversion of pasture/forage to row crops in the
Mixedwood Plains during the 20th century was driven, at
least in part, by the ability to grow crops like soy at more
northerly latitudes (Bowly 2013), an increase in pork and
poultry production (Jobin et al. 2014; Smith 2015; Ruiz 2019),
and a shift from pasture grazed to confinement fed animals
(Smith 2015) particularly in dairy production (Jobin et al.
2014). The underlying factors associated with the increased
rate of conversion of pasture/forage in recent years have yet
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Fig. 3. Conversion area per hexbin of agriculture to urban (panel A), forest to agriculture (panel B), and wetland to agriculture
(panel C) over the study period. Mapping data from Statistics Canada (2016a, 2016b) and USCB (2018).

Table 3. Number of validation points assessed, number of classification errors, and classification
success rate for pasture/forage (PF), row crops (RC), PF to RC, RC to PF, agriculture (AG) to urban
(UR), forest (FO) to AG, and wetland (WE) to AG.

PF RC PF to RC RC to PF AG to UR FO to AG WE to AG

Total points assessed 100 100 94 89 93 100 51

Classification errors 4 0 11 28 7 2 19

Success (%) 96.0 100.0 88.3 68.5 92.5 98.0 62.7

to be studied but may include increased commodity prices
for annual crops relative to hay/forage, increased crop yields,
increased agricultural land prices and taxes, and increased
pressures from urbanization leading to more intensive agri-
culture. A growing population increases the pressure to max-
imize food production, which favours higher yield annual
crops and feedlot animal production. For example, confine-
ment fed dairy production per unit area of farmland was
found to be more than double that of grass-fed dairy produc-

tion in the northeastern United States (Rotz et al. 2020), so in
certain cases output could be maximized by growing silage
crops for feedlots rather than hay or grazing livestock on pas-
tures.

A total of 65 000 ha of agricultural lands were lost to ur-
banization from 2011 to 2022, but those losses were at least
partially offset by gains of agricultural lands from convert-
ing forest and wetlands to agricultural cropland (15 000 and
5400 ha, respectively). Although there was little net change in
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total agricultural area, there is potential productivity loss be-
cause of where the losses and gains were located. The Canada
Land Inventory (Agriculture and Agri-Food Canada 1998) has
assessed soil quality for agriculture where lands in Canada
are ranked from 1 (excellent soil quality) to 7 (poor soil qual-
ity). Agricultural losses in the study area were located on
slightly but significantly (P < 0.01) higher quality soil (mean
2.9) than the gains (mean 3.0). Indeed, the loss of dependable
agricultural land to urbanization has been documented in
Canada, with 46% of urban areas located on class 1, 2, or 3
soils in 2001, up from 44% in 1971 (Bollman 2005). Although
the difference in soil quality between lost and gained agri-
cultural land is minor, it likely reflects a decline in poten-
tial productivity per unit area of farmland across the study
area.

The complexity of land use change and differences among
datasets impose interesting challenges for land use monitor-
ing. Overall, the area of agricultural land remained very con-
stant over the study period, increasing slightly from 5.10 to
5.11 million ha. However, using only the 2010 and 2020 LUTS
datasets, agricultural land across the study area was 5.78 mil-
lion ha in 2010 and 5.70 million ha in 2020. This is either
a slight underestimation in agricultural area as calculated
by our methods and/or the LUTS dataset included some non-
agricultural lands as agriculture. The majority rule method
is prone to underestimation because it requires agreement
across years. This leaves lands for which there is no major-
ity agreement as unclassified. Unclassified land cover could
have caused an underestimation in conversion to and from
cropland, pasture/forage, and other land cover types, indicat-
ing that our findings are best considered as estimates and not
exact values.

4.2. Implications for biodiversity
The shift from perennial pasture/forage to annual row

crops is likely to result in a loss of biodiversity of both flora
and fauna on the agricultural landscape. Pasture/forage habi-
tat tends to have higher plant species richness and struc-
tural heterogeneity, which can increase grassland biodiver-
sity (Becerra et al. 2017) compared to row crops (Weibull
et al. 2003; Fédoroff et al. 2005), which are typically even-
structure, monocultures by design. Pasture/forage habitats
have been shown to support a higher richness or diversity
of various animal taxa such as Lepidoptera and birds when
compared to row crops (Weibull et al. 2003; Wilson et al.
2017) and Martin et al. (2020) found more species of birds
and certain invertebrate groups occurred in untilled peren-
nial fields than tilled annual fields in eastern Ontario. In the
Mixedwood Plains Ecozone where more than 97% of the na-
tive tallgrass prairie and savannah have been lost since Euro-
pean arrival (Environment Canada 2010), species such as the
Eastern Meadowlark and Bobolink (Dolichonyx oryzivorus (Lin-
neaus, 1758)) are reliant on pasture/forage habitat and are at
risk for reasons including habitat loss. Eastern Meadowlarks,
for example, prefer older fields dominated by grass with a
short and patchy vegetation structure, more litter, and lit-
tle bare ground (COSEWIC 2011; Environment and Climate
Change Canada 2022), habitat features absent in row crops.

Grassland species obligates like these are most at risk from
the conversion of pasture/forage to row crops.

Based on our calculations of the theoretical carrying capac-
ity of Eastern Meadowlarks, the study area had a carrying ca-
pacity of 499 400 pairs at the beginning of the study period
and 397 800 pairs at the end of the study period, a loss of 20%.
This estimated carrying capacity makes assumptions that all
pasture/forage habitat is suitable for the species, which may
not be true for alfalfa, clover, and other forage crops that are
mowed early and frequently, and that the minimum patch
size and nesting density are both average and homogenous.
Our per-hexbin carrying capacity calculation, which we used
to compare OBBA data, was similar (0.3% lower at the begin-
ning of the study period and 1.2% lower at the end of the
study period) indicating that habitat patches with overlap-
ping hexbins had little effect on carrying capacity estimates.
Including local roads as part of the patches also produced
very similar results (3.2% increase at the beginning of the
study period and 2.0% increase at the end of the study pe-
riod); however, this method did add 78 000 ha at the begin-
ning of the study period and 36 000 ha at the end of the study
period of potential Eastern Meadowlark habitat despite the
additional area being unsuitable road surface. Despite these
assumptions and potential sources of error, the estimated car-
rying capacity is very similar to a recent Canadian popula-
tion estimate for Eastern Meadowlarks of 680 000 adults, of
which 99% is in Ontario and Quebec (Environment and Cli-
mate Change Canada 2022). Estimates made using the OBBA
data suggest Eastern Meadowlarks are declining at a rate of
14.4% per decade (28.8% between survey periods), and these
declines, compared across hexbins, correlated significantly
with declines in estimated carrying capacity. The correlation
between OBBA data and our estimated carrying capacity as
well as the similarity in predicted rates of decline provides
strong inference that habitat is indeed a limiting factor and
is perhaps the largest reason for the decline of Eastern Mead-
owlarks in the Mixedwood Plains Ecozone.

Our analysis also revealed that mean patch size of both an-
nual crops and perennial pasture/forage increased over the
study period while patch count decreased. An increased field
size and associated decreased field count will decrease the
configurational heterogeneity of the landscape, which will
likely decrease biodiversity in the landscape (Fahrig et al.
2011). Smaller fields have also been found to have higher
biodiversity of birds, plants, and invertebrates in eastern On-
tario (Fahrig et al. 2015), also indicating that the increased
field patch size in the Mixedwood Plains Ecozone will likely
negatively impact biodiversity. Although biodiversity may de-
crease alongside configurational heterogeneity, some species
may benefit from increased field size. For example, Eastern
Meadowlark has an average territory size of ∼3 ha (COSEWIC
2011), so some fields may become suitable for the species as
field size increases. It is likely that agricultural field size in-
creased in the 20th century primarily because mechanization
made it possible to increase per-farm agricultural area, and
indeed farm size did increase over the 20th century in On-
tario (Smith 2015). Field size increases during the study pe-
riod could be a result of agricultural intensification associ-
ated with farm consolidation and larger machinery and con-
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sequent removal of hedgerows or other dividing habitats,
and thus a decrease in heterogeneity of the agricultural land-
scape.

The conversion of forest and wetland to agricultural land
has been occurring on a large scale since the colonization
of the study area by Europeans (Crins et al. 2009; Penfound
and Vaz 2022). Wetlands, for example, are estimated to have
lost 68% of their original area in southern Ontario due to
land conversion (Penfound and Vaz 2022). In addition to the
direct impacts on the native biodiversity within wetlands
and forests, deforestation and wetland removal may impact
species within the surrounding agricultural landscape. In-
creased forest edge, for example, has been shown to increase
open country birds in eastern Ontario (Rabbetts et al. 2023)
and in agricultural landscapes in Europe vascular plant, bird,
and invertebrate richness increased with semi-natural habi-
tat cover (Billeter et al. 2008). Deforestation and wetland re-
moval are also eliminating high-value ecosystems that pro-
vide millions of dollars a year in ecosystem services such as
flood and drought mitigation, ecosystem goods, climate regu-
lation, carbon sequestration, and natural pest control (Ninan
and Inoue 2013; Mitsch et al. 2015; Martínez Pastur et al.
2018). The estimated 15 000 ha of forest and 5400 ha of wet-
land lost to conversion to agriculture would be contributing
$63 and $322 million/year in ecosystem services value, re-
spectively, based on estimates for temperate forest and wet-
land from eastern Ontario and southwestern Quebec (Dupras
et al. 2016). The ecosystem services provided by forests and
wetlands are also beneficial to agricultural production. For
example, wetlands are known to increase resilience to cli-
mate change (Endter-Wada et al. 2020) and forest pollina-
tors can benefit insect pollination-dependent annual crops
(Monasterolo et al. 2015). Of note is that wetland loss in the
study area was nearly exclusive to Ontario (94% of the total
loss), perhaps in part due to net-zero wetland loss legislation
introduced in Quebec in 2017 (National Assembly of Quebec
2017) and relatively weak wetland protection policies in On-
tario (Rich 2014). However, in 2010, wetlands covered 2.1%
of the Ontario portion of the study area versus 1.1% of the
Quebec portion of the study area (Agriculture and Agri-Food
Canada 2023) so there were fewer wetlands to lose in Quebec.
The amount of forest and wetland converted to urban lands
was not assessed.

5. Conclusions
Demand for land for housing, business, and agriculture

will continue to increase in concert with Canada’s increasing
human population. These demands must be reconciled with
the need to conserve native ecosystems and their flora and
fauna and improve the resiliency of farmland to impacts of
climate change. At present in the Mixedwood Plains Ecozone,
conversion of perennial crops to annual crops and continued
deforestation and loss of wetlands for agriculture as well as
the loss of agriculture to urbanization impact species and re-
duce ecosystem services. There are few government policies
that incentivize stewardship of natural habitats or provide
rewards that offset lost revenue associated with retaining
natural habitats; however, there are conservation plans and

frameworks that apply to the Mixedwood Plains Ecozone that
provide opportunities and guidance for the stewardship of
natural habitats and the species within (e.g., Jobin et al. 2013;
ECCC’s The Strategic Conservation Framework for Species at
Risk——Agriculture Sector pending publication in 2024; Na-
tional Biodiversity Strategies and Action Plans pending re-
lease in 2024) as well as funding sources that promote bio-
diversity conservation on farmland such as Alternative Land
Use Services, the Species at Risk Farm Incentive Program,
and the Sustainable Agriculture Program. Land use policies
should consider impacts on biodiversity and agricultural pro-
duction by exploring options to limit the expansion of urban
boundaries onto farmlands and natural land covers as well
as the expansion of farmlands onto natural land covers. In
addition, development of federal and provincial agricultural
policies incentivizing the retention of biodiverse habitats on
farms as a public good provided by agricultural producers in
the Mixedwood Plains Ecozone could contribute to halting
and reversing biodiversity loss.
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