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A B S T R A C T   

Milkweed has declined substantially, with over 80% declines in some agricultural regions. This threatens 
monarch butterfly (Danaus plexippus) persistence, because monarch larvae feed solely on milkweed. Thus con-
servation actions are needed to enhance the availability of milkweed, particularly in agricultural landscapes. 
Conservation actions to date have largely focused on reducing intensive agricultural practices, mainly use of 
herbicides. However, research suggests that landscape-scale alteration of the cropped portion of an agricultural 
landscape (the "farmland"), for example, to reduce crop field sizes, can benefit herbaceous plants such as 
milkweed. Here we collected data on milkweed occurrence and cover in agricultural landscapes in Ontario, 
Canada, capturing variability in milkweed from field edge to interior by sampling in the interior and along the 
edges of 68 crop fields. We used these data to evaluate the relative effects of farming practices within the 
sampled field (e.g. herbicide, fertilizer use) on milkweed versus the effects of mean field size, crop diversity, 
hedgerow cover, and the proportion of farmland in annual crops in the surrounding landscape. Additionally, we 
evaluated the effects of these variables on the cover of other herbaceous plants, to identify which—if any—could 
benefit milkweed without increasing overall weed cover. We found more milkweed at sites surrounded by 
landscapes with smaller crop fields, lower crop diversity, and higher cover of annual crops. Milkweed was more 
likely to occur at sites surrounded by landscapes with more hedgerows. These landscape-scale effects on milk-
weed were often larger than those of within-field farming practices. Importantly, we found that most variables 
had opposite effects on milkweed relative to other plants. Thus, altering the landscape to benefit milkweed does 
not imply an increase in weed cover.   

1. Introduction 

Monarch butterfly (Danaus plexippus) is a migratory species of con-
servation concern in North America. It is subdivided into two pop-
ulations: the eastern population, which breeds east of the Rocky 
Mountains and primarily migrates to, and overwinters in, central 
Mexico, and the western population that breeds west of the Rocky 
Mountains and primarily migrates to, and overwinters on, the Pacific 
coast of California, USA. Both populations have declined precipitously 
over the last few decades. The size of the eastern population on its 
overwintering grounds declined 84% from its maximum recorded size in 
1996–1997 to 2019–2020 (Rendón-Salinas et al., 2021). The western 

population has declined by >99% since the 1980s, with a single year 
drop of 86% between 2018 and 2019 (Pelton et al., 2019). 

Loss of milkweed (plants in the subfamily Asclepiadoideae, including 
Asclepias spp.) within the monarch breeding range is tantamount to loss 
of monarch breeding habitat, because monarch larvae feed solely on 
milkweed. Although the importance of this threat relative to others (e.g. 
loss of overwintering habitat) is still debated (Flockhart et al., 2015; 
Inamine et al., 2016; Pleasants et al., 2017), loss of breeding habitat is 
consistently recognized as a threat to monarch persistence in both the 
academic literature (Belsky and Joshi, 2018; Crone et al., 2019; Mal-
colm, 2018; Thogmartin et al., 2017b) and in species at risk threat as-
sessments and recovery planning documents (COSEWIC, 2016; 
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Environment and Climate Change Canada, 2016). 
Enhancing the availability of milkweed within agricultural land-

scapes may be vital for monarch conservation in North America 
(Thogmartin et al., 2017a). Agriculture is a dominant land use within 
the monarch breeding range, covering a large area of the potential 
breeding habitat. Additionally, a given amount of milkweed can produce 
more monarchs in agricultural than non-agricultural land cover types. 
For example, Pleasants and Oberhauser (2013) and Pitman et al. (2018) 
found that the average density of monarch eggs on milkweed was 3.5×
to 3.9× higher in agricultural than non-agricultural areas, including 
natural and restored meadows, abandoned fields, roadsides, and private 
lawns and gardens. 

There have been substantial declines in the availability of milkweed 
in agricultural areas over time, and these declines can exceed what is 
observed in non-agricultural areas. For example, Pleasants and 

Oberhauser (2013) estimated that milkweed abundance in agricultural 
fields declined by 81% from 1999 to 2010 in Iowa, whereas its decline in 
non-agricultural land cover types was only 31%. Hartzler (2010) esti-
mated a 90% decline in the area of crop fields occupied by common 
milkweed in Iowa, compared to no change in milkweed cover along 
roads. It is estimated that milkweed numbers in the dominant Mid-
western USA crop types (corn and soybean) dropped from 856.3 million 
to 6 million stems between 1999 and 2014 (Pleasants, 2017). 

Adoption of herbicide-resistant crops—and the resulting increase in 
herbicide use (e.g. Brookes, 2014; Kniss, 2017)—has largely been 
identified as the cause of milkweed declines in agricultural areas (e.g. 
Hartzler, 2010; Pleasants and Oberhauser, 2013; but see Boyle et al., 
2019). Studies have also found that declines in monarch abundance 
coincide with increases in herbicide use in the breeding range (Crone 
et al., 2019; Stenoien et al., 2015; Thogmartin et al., 2017b), further 

Fig. 1. Depiction of the study design. (a) Locations of the 29, 1 × 1 km sample areas in rural eastern Ontario, Canada. (b) An example sample area with four sample 
fields. Circles illustrate one spatial extent within which we estimated the mean field size, crop diversity, hedgerow cover, proportion of farmland in annual crops, and 
total crop cover for each transect. These variables were measured within radii of 250, 500, 750, and 1000 m of the center of each transect. Each field had one 
50 × 2 m field edge transect and one 50 × 2 m field interior transect for surveying milkweed and other herbaceous plants. These two transects are represented by a 
single point in the figure, as they were ~25 m apart. (c–d) Example layouts of a field edge transect and field interior transect within a sample field. A field edge 
transect was at the very edge of the field and aligned with the field edge, with half of the surveyed area in the crop field and the other half in the field border. Where 
possible, the field interior transect was placed parallel to its paired field edge transect, ~25 m into the field. Otherwise we used a transect layout that preserved the 
approximate distance from the field edge transect and the total transect length. Land cover was from (a) Agriculture and Agri-Foods Canada’s (2012) annual crop 
inventory and (b) the 40-cm-resolution land cover maps created for Fahrig et al. (2015). Imagery in (c–d) was from Google Earth Pro v. 7.3.0.3832. 
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supporting the idea that use of herbicides has indirectly contributed to 
monarch butterfly declines. 

Other farming practices associated with agricultural intensification 
may also contribute to milkweed declines. For example, Boyle et al. 
(2019) found some evidence that milkweed abundance declines with 
increasing fertilizer use. Tillage can also have negative impacts on 
milkweed, in part because tillage buries milkweed seeds deep enough to 
impede germination and establishment (Yenish et al., 1996). Thus, we 
expect milkweed to be more available for monarchs in crop fields with 
less intensive farming practices. 

However, there may be other options to promote milkweed occur-
rence and abundance in agricultural landscapes. In particular, research 
suggests that altering the composition and pattern of the cropped 
portion of a landscape (the "farmland context") can benefit non-crop 
herbaceous plants at a site, most likely because those changes result in 
larger populations in the surrounding landscape that in turn can immi-
grate to the local site. Studies have found more plant species in farm-
lands with smaller crop fields than in farmlands with larger fields, and 
more species in farmlands with a greater diversity of crop types than in 
farmlands with less diverse crops (Alignier et al., 2020; Fahrig et al., 
2015; Zhou et al., 2018). Herbaceous plants can also benefit from having 
more and wider wooded hedgerows in the landscape (Graham et al., 
2018). The types of crops within the farmland context can also affect 
herbaceous plants. There can be more plant species in farmlands with 
less annual crop cover, i.e. crops that need to be replanted every year (e. 
g. corn), and with more perennial crop, i.e. crops that are not replanted 
each year (e.g. hay; unpublished analysis associated with Martin et al., 
2020). Thus, we expect milkweed to be more likely to occur and more 
abundant in farmlands with smaller crop fields, more diverse crops, 
more hedgerows, and lower proportion of the farmland in annual than 
perennial crops. 

When resources (e.g. money) for conservation action are limited, it is 
useful to understand not only which options could achieve a conserva-
tion objective—such as increasing milkweed availability for mon-
archs—but the relative effects of these options. This allows resources to 
be focused on the most effective options. It is not clear whether we 
should expect within-field farming practices to have larger effects on 
milkweed at a site than the farmland context of the site. For example, 
Billeter et al. (2008) found that the negative effect of fertilizer use on 
herbaceous plant richness was stronger than the effect of crop diversity. 
In contrast, Martin et al. (2020) found that mean crop field size and crop 
diversity had stronger effects on herbaceous plant species in fields and 
field edges than a number of within-field farming practices, including 
use of herbicides and fertilizers. 

It is also not clear which (if any) of the proposed options could 
effectively meet the objective of increasing milkweed without causing 
substantial negative impacts on farmers’ livelihoods. There are different 
ways in which a given conservation action could ultimately impact 
agricultural production. For example, actions designed to benefit one 
group of herbaceous plant species—milkweed—could benefit other 
plants, leading to an overall increase in the cover of other non-crop 
herbaceous plants. 

Here we use data on the occurrence and abundance of milkweed and 
other non-crop herbaceous plants in and along the edges of crop fields, 
farming practices in the crop fields, and the farmland context to address 
the following:  

1. Are milkweed more likely to occur and more abundant in farmlands 
with smaller crop fields, more diverse crops, more hedgerows, and a 
lower proportion of annual crop cover?  

2. Are effects of within-field farming practices on milkweed stronger 
than effects of the farmland context?  

3. Do within-field farming practices and the farmland context have 
similar effects on milkweed cover and the cover of other herbaceous 
plants? 

Specifically, we considered six farming practices: the use of herbi-
cide, chemical fertilizer, non-chemical fertilizer, tile drainage, and 
tillage, and whether the sampled field was an annual crop rather than a 
perennial crop. We also considered four aspects of the surrounding 
farmland that could potentially be managed to benefit milkweed: mean 
field size, crop diversity, the proportion of the landscape in hedgerows 
(“hedgerow cover”), and the proportion of cropped area in annual rather 
than perennial crops (“proportion annual crops”). 

2. Methods 

2.1. Data collection 

2.1.1. Selection of sample areas, fields, and transects 
We had 29 1 × 1 km "sample areas" within the breeding range of the 

eastern monarch population, in rural eastern Ontario, Canada (Fig. 1a). 
These sample areas were the subset of the 93 sample areas used in Fahrig 
et al. (2015) for which we could obtain farming practices information 
for at least one sample field (see Section 2.1.2, below). Sample areas 
were selected based on criteria detailed in Pasher et al. (2013). In 
summary, the areas were selected to: (a) represent the variability in 
mean field size and crop diversity across eastern Ontario; (b) be spatially 
independent, i.e., with minimal spatial autocorrelation of mean field 
size and crop diversity across sample areas and at least 6 km from the 
center of all other sample areas; (c) be dominated by agricultural land 
use; and (d) minimize, to the degree possible, the correlations between 
mean field size, crop diversity, and crop cover across the sample areas. 

Up to four sample fields were randomly selected within each sample 
area, and a site along the edge of each field was selected for a 
50 m × 2 m field edge transect (Fig. 1b). The transect locations were 
randomly selected, under the constraints that they had to be (a) between 
two adjacent crop fields; (b) ≥200 m from all other transects; (c) ≥50 m 
from non-agricultural land uses; and (d) ≥50 m from the edge of the 
1 × 1 km sample area. Transects were located at sites with low tree 
cover between the two adjacent crop fields, resulting in few transects 
directly adjacent to a hedgerow (11 of 68 field edge transects) and very 
weak relationships between hedgerow adjacency of the transects and 
hedgerow cover in the surrounding landscapes (r2 < 0.01). Visual sur-
veys were conducted to confirm that these constraints were met prior to 
the field season. If they were not met, or if landowner permission to 
access fields for surveys was not obtained, another random field was 
selected within the sample area. Transects were aligned with the field 
edge, such that half the width of the transect (1 m) was in the field and 
the other half was in the adjacent vegetation. We expected milkweed to 
also occur within crop fields, and wanted to capture that in our study. To 
do so we paired each field edge transect with a 50 m × 2 m field interior 
transect in the field, ~25 m from the field edge transect. Where possible, 
the field interior transect was parallel to its paired field edge transect 
(Fig. 1c). However, where crop rows ran perpendicular to the field edge, 
we used a layout that preserved the approximate distance from the field 
edge transect and the total 50 m transect length (Fig. 1d). This was done 
to avoid potential damage to crop plants when surveyors moved along 
the field interior transect during plant sampling (see Section 2.1.3). 

2.1.2. Measurements of farming practices 
The owners of sample fields were surveyed by phone between May 

24 and August 31 in each year, to obtain farming practice information 
for as many sample fields as possible, given time and land owner 
availability/cooperation. Survey questions and methods were approved 
by the Carleton University Research Ethics Board (Project no. STPGP 
381108-09). We used information obtained in these surveys to estimate: 
herbicide use (yes/no), non-chemical fertilizer use (yes/no), chemical 
fertilizer use (yes/no), tile drainage (yes/no), and tillage (yes/no), and 
whether the sampled field was an annual crop or perennial one. We 
sampled for herbaceous plants in hay, legume, corn, soybean, cereal, 
and fallow crop fields. A crop was classified as perennial if it was hay and 
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annual if it was legume, corn, soybean, or cereal. We also classified 
fallow fields as annual, because fields in our study were typically left 
fallow for short (often one-year) periods (JMG, pers. obs.). For full 
survey details see Martin et al. (2020). In total, we obtained farming 
practices data for 136 transects in 68 fields (68 field edge and 68 field 
interior transects), with 2–8 transects per sample area. 

2.1.3. Estimates of occurrence and cover of milkweed and other herbaceous 
plants 

Herbaceous plants were surveyed along each transect once in either 
2011 or 2012, sampling all transects within a given sample area in the 
same day and year. All surveys were conducted between July 17 and 
August 30, during the approximate period when monarchs are most 
abundant in the study region (Crewe et al., 2019; Davis and Howard, 
2005). The surveyor walked each transect once per survey and estimated 
the proportional cover of each non-crop herbaceous species, i.e. the area 
in m2 covered by the species/100 m2 survey area. 

2.1.4. Measurements of farmland context variables and total crop cover 
We estimated the farmland context variables surrounding each 

transect using the 40-cm resolution land cover data set created for 
Fahrig et al. (2015) for the year of sampling (2011 or 2012). This land 
cover data set covers a 3 × 3 km area centered on each 1 × 1 km sample 
area. Each crop field was defined by the visible boundaries between crop 
and non-crop land cover types and/or a change in crop type. Thus, areas 
of the same crop type separated by a non-crop land cover type—such as a 
hedgerow—were defined as separate fields, as were adjacent areas of 
different crop types. The mean field size, crop diversity, hedgerow cover, 
and proportion annual crops were estimated within four different 
landscape extents, i.e. circular buffers with radii of 250 m, 500 m, 
750 m, and 1000 m, centered on the midpoint of each transect (Fig. 1b). 
Across our landscape extents we sampled a greater diversity of crop 
types then were represented in our sampled fields. We defined a crop as 
annual if it was canola, cereal, corn, fallow, legume, mixed vegetable, 
pea, sod, soybean, strawberry, or sunflower. A crop was defined as 
perennial if it was hay, pasture, or apple. We also estimated the total 
crop cover, i.e. the proportional cover of annual + perennial fields, 
within the four landscape extents, as described above. Despite efforts to 
minimize variation in crop cover during site selection (see Section 2.1.1, 
above), there was substantial variation in crop cover around transects, e. 
g. 42–89% crop cover within a 1000-m radius. Given that crop cover 
may affect the occurrence/abundance of milkweed, as found for other 
herbaceous plant species (Martin et al., 2020; Zhou et al., 2018), we 
included crop cover in our analyses to control for its effects (see Section 
2.2, below). 

Note that we focus here on the comparison between effects of within- 
field farming practices and landscape-scale farmland composition and 
pattern on milkweed. Farming practices within the surrounding land-
scape might also indirectly affect milkweed in our transects. However, 
we could not assess this as there are no publicly-available data on 
farming practices in our study region at an appropriate resolution, and it 
was not feasible to survey landowners of all 1618 individual crop fields 
in the landscapes surrounding our transects. In any case, we expect that 
the direct effects of farming practices within a sample field, e.g. herbi-
cide or ploughing directly killing plants and seeds, represent the domi-
nant effects of farming practices on milkweed in our transects. 

2.2. Data analysis 

We tested our predictions for effects of farmland context variables on 
milkweed (research question 1, see Section 1) and evaluated the relative 
importance of within-field farming practices versus farmland context 
(research question 2) simultaneously. We did this by estimating the 
standardized effects of the six farming practice variables (herbicide use, 
non-chemical fertilizer use, chemical fertilizer use, tile drainage, tillage, 
and crop type in the sample field) and four farmland context variables 

(mean field size, crop diversity, hedgerow cover, and proportion annual 
crops) on milkweed occurrence and cover using a zero-inflated beta 
mixed effects model. This approach is appropriate for modeling a pro-
portional response variable such as ours, where there is an excess of 
zeros (see Section 3). It accommodates the excess zeros by having one 
part of the model estimate effects of predictor variables on the proba-
bility of occurrence and a second part that estimates the effects of pre-
dictor variables on milkweed cover for sites where milkweed occurs. In 
addition to the farming practice and farmland context variables, we 
included total crop cover, Julian date of sampling, and transect location 
(field edge or field interior), to control for their effects on milkweed. We 
also included a random effect of sample area, to account for non- 
independence of data collected on transects within a sample area, 
including that all transects within a sample area were sampled on the 
same day by the same surveyor(s). We took a Bayesian (rather than 
frequentist) approach to statistical modeling (as detailed in Appendix 
A), primarily because Bayesian approaches are more conducive to 
complex model fitting and produce unbiased inferences regardless of the 
sample size (see Ellison, 1996; Kéry, 2010 for further discussion). 

We included each farmland context variable and crop cover at the 
scale where its relationship to the biological responses (milkweed 
occurrence and cover) was strongest, often referred to as a variable’s 
“scale of effect”. This was necessary because the strength and direction 
of relationship between a biological response and a landscape-scale 
variable can depend on the spatial extent within which that landscape 
variable is measured (e.g. Ethier and Fahrig, 2011; Martin and Fahrig, 
2012); thus arbitrary selection of a spatial extent could very well lead to 
underestimation of the effects of the farmland context relative to 
farming practices. Evidence suggests little support for a priori selection 
of an appropriate extent (Jackson and Fahrig, 2015; Miguet et al., 2016). 
Instead we used an empirical approach to identify the scale of effect for 
each farmland context variable and for crop cover, which involves 
fitting models between the biological response and a landscape-scale 
variable at multiple spatial extents. As we increase the spatial extent 
considered we include more landscape information relevant to the 
response, improving model fit, until a point where the extent becomes 
larger than that affecting the response and the fit starts to decline. We 
then use this analysis to identify the extent with the strongest model fit. 
In this case we also used an approach that (a) controlled for effects of 
other landscape variables and within-field farming practices on milk-
weed occurrence and cover, and (b) allowed for selection of different 
spatial extents for different landscape variables (as in Martin et al., 
2020). We evaluated a set of 1024 candidate models which were iden-
tical with the exception that each included a unique combination of the 
four spatial extents (250, 500, 750, and 1000 m) for each of five vari-
ables: mean field size, crop diversity, hedgerow cover, proportion 
annual crops, and crop cover. Candidate model 1 included all variables 
at 250 m; candidate model 2 included mean field size, crop diversity, 
hedgerow cover, and proportion annual crops at 250 m and crop cover 
at 500 m; candidate model 3 included mean field size, crop diversity, 
and hedgerow cover at 250 m and proportion annual crops and crop 
cover at 500 m; and so on (see Appendix B). We used the Deviance In-
formation Criterion (DIC; calculated according to M. Plummer, p. 620 in 
Spiegelhalter et al., 2002) to evaluate relative support for each candi-
date model, and the scale of effect for each farmland context variable 
and for crop cover was the scale included in the most supported model. 

This most supported model was then used to address our research 
questions. We evaluated the relative effects of within-field farming 
practices and farmland context variables (at their scales of effect) on 
milkweed occurrence and cover using the median standardized coeffi-
cient value from the posterior distribution to estimate the importance of 
each variable. Each effect estimate represents the effect of a variable on 
milkweed occurrence (or cover) when controlling for the effects of all 
other variables on occurrence (cover). And we evaluated support for 
predicted effects of farmland context variables on milkweed occurrence 
and cover using the 90% credible (or highest posterior density) interval, 
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hereafter referred to as the 90% CI. An effect was considered strongly 
supported if its 90% CI did not cross zero. We used the 90% CI, not the 
frequently-used 95% CI, because estimates of the 90% CI are more stable 
than estimates of the 95% CI (Kruschke, 2015). 

We also estimated the expected changes in the probability of milk-
weed occurrence and milkweed cover in response to changes in each 
predictor variable, using the median effect sizes from the most sup-
ported zero-inflated beta mixed effects model. Predicted changes in 
occurrence/cover in response to changes in a single farming practice, 
farmland context variable, etc. depend on values for all other predictors. 
To capture this variability, we estimated the change in occurrence/cover 
in response to changes in each variable 4096 times, once for each unique 
combination of two states for each predictor: (1) herbicide: yes, no; (2) 
non-chemical fertilizer: yes, no; (3) chemical fertilizer: yes, no; (4) tile 

drainage: yes, no; (5) tillage: yes, no; (6) crop type in the sampled field: 
annual, perennial; (7) mean field size: 6007 m2, 28,119 m2; (8) Shannon 
diversity of crop types: 0.00, 1.86; (9) proportion of the landscape in 
hedgerows: 0.00, 0.16; (10) proportion of cropped area of the landscape 
in annual crops: 0.12, 1.00; (11) proportion of the landscape in crops 
(annual + perennial): 0.50, 0.95; (12) Julian date of sampling: 199, 241; 
and (13) transect location: field edge, interior. For continuous pre-
dictors, the values are the minimum and maximum values observed in 
our dataset. 

To determine whether within-field farming practices and the farm-
land context have similar effects on milkweed and the cover of other 
herbaceous plants (research question 3, see Section 1), we modeled the 
relative effects of the six farming practices and four farmland context 
variables on other herbaceous plants, using the methods described 

Fig. 2. Standardized effects of the within-field farming practices and farmland context variables on the (a) probability of milkweed occurrence, (b) milkweed cover, 
and (c) cover of other (non-milkweed, non-crop) herbaceous plants in rural eastern Ontario, Canada (n = 136 transects). Farmland context variables were estimated 
at the landscape extent showing the strongest effects on milkweed: 250 m for proportion annual crops, 500 m for hedgerow cover, 750 m for mean field size, and 
1000 m for crop diversity. Shown are the estimated posterior distribution (as a probability density function), 90% credible interval (CI), and median effect for each 
variable. An effect was considered strongly supported if its 90% CI did not cross zero. 
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above (and in Appendix A), with the following three exceptions. First, 
we used a zero- and one-inflated beta mixed effects model to estimate 
the effects of variables on the proportional cover of other herbaceous 
plants rather than a zero-inflated beta mixed effects model, because 
there were transects with proportional cover estimates of zero and one. 
Second, we modeled the effects of farming practices and farmland 
context on cover only, rather than both occurrence and cover. There 
were not enough transects with zero cover (1% of transects) to estimate 
effects of predictors on the probability of occurrence of other herbaceous 
plants. Third, we modeled the farmland context variables at the scales of 
effect for milkweed, not at the scales of effect for other herbaceous 
plants, because we were primarily interested in determining the effects 
of the farmland context on other plants within the landscape context 
relevant to milkweed. However, we note that results were very similar 
when farmland context variables were included at the scales of effect for 
other herbaceous plants (Appendix C). 

We also tested for collinearity among the farming practice variables, 
farmland context variables at their scales of effect, and crop cover at its 
scale of effect. We used generalized linear models with a binomial dis-
tribution and logit link for comparisons of farming practices, and 
indexed the strength of relationship using Nagelkerke’s r2. For all other 
comparisons we used linear regression, and indexed the strength of 
relationship using r2. 

We checked for positive spatial autocorrelation of model residuals 
for each of the 15,000 MCMC samples from the model of milkweed 

occurrence and cover, and the model of other herbaceous plant cover, 
with the farmland context variables and crop cover at their scales of 
effect on milkweed. We used a one-tailed Global Moran’s I to test for 
positive spatial autocorrelation in model residuals from each MCMC 
sample, i.e. whether similarity in residual values declined with distance 
between transects, using a permutation approach with 5000 permuta-
tions to calculate the significance level. 

Analyses were conducted in R version 3.6.3 (R Core Team, 2020) 
using the ‘zoib’ (Liu and Kong, 2015, 2018), ‘rjags’ (Plummer, 2018), 
‘HDInterval’ (Meredith and Kruschke, 2018), ‘lme4′ (Bates et al., 2015), 
‘MuMIn’ (Barton, 2016), and ‘ape’ (Paradis et al., 2004) packages. 
Bayesian models were run in JAGS version 4.3.0 (Plummer, 2003). Data 
and R scripts are available on figshare (Martin et al., 2021). 

3. Results 

Milkweed was observed at 85% of the 68 sample fields and 55% of 
the 136 transects. Milkweed was typically observed at only one of the 
two transects within a sample field; this was the case for 71% of the 58 
fields with milkweed. If milkweed was observed at only one of two 
transects, the observation was almost always at the field edge (98% of 41 
fields). When milkweed was observed on a transect, its proportional 
cover ranged from 0.001 to 0.104 (median = 0.005). Ninety-eight 
percent of milkweed cover was common milkweed (Asclepias syriaca) 
and the remaining 2% was identified as another Asclepias species. Other 

Fig. 3. Predicted changes in the probability of milkweed occurrence in response to changes in farming practices, farmland context, total crop cover, date of sampling, 
and transect location. Predictions are from our zero-inflated beta mixed effects model, modeling milkweed occurrence and cover as functions of these 13 variables 
plus a random effect of sample area. Farmland context variables were estimated at the landscape extent showing the strongest effects on milkweed: 250 m for 
proportion annual crops, 500 m for hedgerow cover, 750 m for mean field size, and 1000 m for crop diversity. Crop cover was estimated at the 500 m extent. 
Predicted changes in occurrence in response to changes in a single farming practice, farmland context variable, etc. depend on values for all other predictors. To 
capture this variability, we estimated the change in occurrence in response to changes in each variable 4096 times, representing a range of possible values for the 
other 12 predictor variables (see Section 2.2 for details). Line = median, box = interquartile range, whiskers = extreme values. 
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herbaceous plants were observed at 99% of transects (see Appendix D 
for the species list). When other plants were observed, the cover ranged 
from 0.001 to 1.000 (median = 0.416). 

Different landscape-scale variables had different scales of effect 
(Appendix B). The scale of effect was 250 m for proportion annual crops, 
500 m for hedgerow cover and crop cover, 750 m for mean field size, 
and 1000 m for crop diversity. 

We found strong support, i.e. a 90% CI that did not cross zero, for 
effects of hedgerow cover in the surrounding landscape on the proba-
bility of milkweed occurrence, and for effects of mean field size, crop 
diversity, and proportion annual crops on milkweed cover (Fig. 2a and 
b). The positive effect of hedgerow cover on the probability of milkweed 
occurrence was consistent with our prediction (Fig. 3). We also, as ex-
pected, found greater cover of milkweed in sites surrounded by agri-
cultural landscapes with smaller fields than larger fields (Fig. 4). In 
contrast, effects of crop diversity and proportion annual crops on the 
cover of milkweed were opposite to our expectations (Fig. 4). That is, we 
found more milkweed in sites surrounded by landscapes with less 
diverse crops than more diverse crops, and there was more milkweed in 
landscapes with more annual than perennial crop cover. 

The median effects of farmland context variables on milkweed 
occurrence and cover were often larger than the effects of within-field 
farming practices (Figs. 2a–b, 3 and 4). This was particularly apparent 
for milkweed cover. Crop diversity, mean field size, and proportion 
annual crops had median effects on milkweed cover that were 2.25× to 
15.90× larger than the effect of any farming practice. The median effect 
of hedgerow cover on the probability of occurrence was 1.45× to 
15.44× larger than the effect of any practice. Effects of farming practices 

on milkweed occurrence and cover were weakly supported (with 90% CI 
that crossed zero), with two exceptions. Milkweed were less likely to 
occur in fields treated with herbicides and in fields treated with non- 
chemical fertilizers (Fig. 2a). 

Surprisingly, we found that within-field farming practices and 
farmland context often had opposite effects on the occurrence/cover of 
milkweed relative to the cover of other herbaceous plants. Chemical 
fertilizer, field type (annual/perennial), mean field size in the landscape, 
and crop diversity in the landscape had opposite effects on the proba-
bility of milkweed occurrence relative to the cover of other herbaceous 
plants (Figs. 2 and 5). Median effects on milkweed cover and the cover of 
other herbaceous plants were in the opposite direction for herbicide, 
non-chemical fertilizer, tile drainage, tillage, mean field size, crop di-
versity, hedgerow cover, and proportion annual crops in the landscape 
(Figs. 2 and 5). 

Pairwise relationships between our predictor variables were gener-
ally weak (Appendix E). The strongest relationships were between her-
bicide use and crop type in the sample field (Nagelkerke r2 = 0.54) and 
between proportion annual crops in the landscape and crop type in the 
sample field (r2 = 0.52). 

Tests for spatial autocorrelation of model residuals suggested that 
inclusion of transect location (field edge vs. interior) and sampling area 
in models were generally sufficient to control for positive spatial auto-
correlation. Global Moran’s I tests found support for positive spatial 
autocorrelation in only 5% of our MCMC runs for milkweed and 5% for 
other herbaceous plants. Our conclusions were the same whether or not 
we included these MCMC runs in our estimates of the median effect sizes 
and 90% CI (Appendix F). 

Fig. 4. Predicted changes in the mean proportional cover of milkweed in response to changes in farming practices, farmland context, crop cover, date of sampling, 
and transect location. Predictions are from our zero-inflated beta mixed effects model, modeling milkweed occurrence and cover as functions of these 13 variables 
plus a random effect of sample area. Farmland context variables were estimated at the landscape extent showing the strongest effects: 250 m for proportion annual 
crops, 500 m for hedgerow cover, 750 m for mean field size, and 1000 m for crop diversity. Crop cover was estimated at the 500 m extent. Predicted changes in cover 
in response to changes in a single farming practice, farmland context variable, etc. depend on values for all other predictors. To capture this variability, we estimated 
the change in cover in response to changes in each variable 4096 times, representing a range of possible values for the other 12 predictor variables (see Section 2.2 for 
details). Line = median, box = interquartile range, whiskers = extreme values. 
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Finally, although effects of crop cover in the landscape, date of 
sampling, and transect location were not the focus of the study, we did 
find strongly supported effects of these variables. We found that milk-
weed was more likely to occur in sites surrounded by landscapes with 
more crop cover than less crop cover (median [90% CI] = 1.58 [0.86 to 
2.33]; Fig. 3). We were more likely to detect milkweed later in the 
sampling period (0.62 [0.08 to 1.19]; Fig. 3). Milkweed was also more 
likely to occur (− 2.24 [− 2.85 to − 1.65]; Fig. 3) and was more abundant 
(− 0.31 [− 0.53 to − 0.09]; Fig. 4) in field edges than interiors. Similarly, 
other plants were more abundant in field edges than interiors (− 1.18 
[− 1.33 to − 1.01]; Fig. 5). 

4. Discussion 

We found that effects of the farmland context on milkweed occur-
rence and cover were often larger than the effects of farming practices 
used within a crop field, including herbicide application. Crop diversity, 
mean field size, and proportion annual crops in the surrounding land-
scape had median effects on milkweed cover that were 2.25× to 15.90×
larger than the effects of any farming practice, and the effect of 
hedgerow cover on the probability of occurrence was 1.45× to 15.44×
larger than the effect of any farming practice. This is consistent with 
Martin et al. (2020), who found that farmland context variables (spe-
cifically, mean crop field size and crop diversity) can have stronger ef-
fects on the diversity of wildlife and plant species than within-field 
farming practices. Other studies comparing the relative effects of 

farming practices on plant diversity/abundance versus landscape-scale 
variables (e.g. percent of the landscape in intensive land use) also 
showed that landscape-scale variables can have larger effects than 
farming practices in some (but not all) cases (e.g. Armengot et al., 2011; 
José-María et al., 2010; Petit et al., 2016). 

It is not likely that our estimates of the relative importance of 
farming practices and farmland context were biased by relationships 
among these variables, or underestimated because we used simplified, 
binary farming practice variables but continuous measures of the 
farmland context. There were generally weak relationships between 
predictors in our study (see Appendix E). Additionally, we used a 
regression-type model to estimate effects of all variables simultaneously, 
which allows for generally unbiased estimates of size and direction of an 
effect even when relationships among predictors are strong (Morrissey 
and Ruxton, 2018; Smith et al., 2009). And, although we cannot fully 
discount this possibility, supplementary analyses suggest that differ-
ences in the resolution of farming practice variables are unlikely to 
explain why effects of the farmland context on milkweed were strong 
relative to effects of within-field farming practices (Appendix G). 

Although the magnitude of effect of farmland context variables 
varied among candidate models and spatial extents, our conclusion 
regarding the relative importance of farmland context versus farming 
practices was not strongly dependent on the selected extents of mea-
surement. Farmland context was important for milkweed across the set 
of candidate models. A farmland context variable had the largest median 
effect on milkweed occurrence or abundance in 93% of candidate 

Fig. 5. Predicted changes in the mean proportional cover of other (non-milkweed, non-crop) herbaceous plants in response to changes in farming practices, farmland 
context, total crop cover, date of sampling, and transect location. Predictions are from our zero- and one-inflated beta mixed effects model, modeling cover of other 
plants as a function of these 13 variables plus a random effect of sample area. Farmland context variables were estimated at the 250 m extent for proportion annual 
crops, 500 m for hedgerow cover, 750 m for mean field size, and 1000 m for crop diversity. Crop cover was estimated at the 500 m extent. Predicted changes in cover 
in response to changes in a single farming practice, farmland context variable, etc. depend on values for all other predictors. To capture this variability, we estimated 
the change in cover in response to changes in each variable 4096 times, representing a range of possible values for the other 12 predictor variables (see Section 2.2 for 
details). Line = median, box = interquartile range, whiskers = extreme values. 
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models and, in the remaining 7% of models, a farmland context variable 
always had the second or third largest effect. We also compared the 
median effect sizes for each pair of farmland context and farming 
practice variables across the set of 1024 candidate models, and calcu-
lated the proportion of models in which the farmland context variable 
had a larger effect on milkweed occurrence/cover than the farming 
practice (Table B2). These proportions suggest that, if we selected a 
random set of spatial extents for measurement of landscape-scale vari-
ables we would expect each farmland context variable in that model to 
have a larger effect on milkweed occurrence than 33–100% of the 
farming practice variables. We would also expect to find that each 
farmland context variable has a larger effect on milkweed cover than 
50–100% of the farming practice variables. 

Nevertheless, it is possible that effects of annual crop cover and crop 
diversity on milkweed were underestimated in our analyses, because the 
identified scales of effect for these variables were at the smallest and 
largest extents we tested, respectively. Ideally, we would have tested 
extents smaller than 250 m and larger than 1000 m, to ensure that we 
found the extents at which these farmland context variables had their 
strongest effects (Jackson and Fahrig, 2015). However, analyses at 
smaller extents were not feasible due to low variance in some variables 
at smaller spatial extents. Even at the 250-m extent, the number of fields 
within the landscape was limited (median [range] = 5 [2–12] fields). 
Analyses at larger extents were also not possible, because of the limited 
extent of our high-resolution land cover map (see Section 2.1.4). Thus it 
is possible that the difference in effects of annual crop cover/crop di-
versity in the landscape and within-field farming practices on milkweed 
are even larger than indicated by our analysis. 

It is also possible that effects of some farming practices could have 
been larger than effects of farmland context had we estimated their ef-
fects at a landscape scale rather than in the sample fields. However, we 
speculate that the direct effects of farming practices within a sample 
field, e.g. herbicide application or ploughing that directly kill plants and 
seeds in a sample site, represent the dominant effects of farming prac-
tices on our transects. If so, then our results should not change much if 
farming practices are estimated within the surrounding landscape rather 
than in the sampled field. Future study is needed to test this speculation. 

As expected, we found more milkweed in sites surrounded by land-
scapes with smaller fields than larger fields, and more milkweed in sites 
surrounded by landscapes with more hedgerows; however, the effect of 
crop diversity on the cover of milkweed was opposite to our prediction. 
Some previous studies have found that the effect of crop diversity on 
wildlife species richness and abundance can depend on the total amount 
of crop cover in the landscape, with positive effects of crop diversity in 
landscapes with low crop cover, but negative effects in landscapes with 
high crop cover (Sirami et al., 2019; Wilson et al., 2017). We, however, 
found no support for an interacting effect of crop diversity × crop cover 
on milkweed occurrence or abundance (Appendix H). One may also 
suggest that the negative effect of crop diversity on milkweed cover 
could be driven by a relationship between crop diversity and milkweed 
habitat, i.e. that lower crop diversity benefits milkweed because the land 
cover types milkweed use as habitat may be more available in land-
scapes with less diverse crops. We also found no support for this 
explanation. In our study region, common milkweed—the dominant 
milkweed species in our landscapes—primarily uses farmland (including 
managed pastures and annual row crops), roadsides, and natural 
grassland (OMAFRA, 2016). Relationships between crop diversity and 
farmland habitats cannot explain the effect of crop diversity on milk-
weed, because we controlled for the relationship between farmland 
habitat (i.e. crop cover) and milkweed in our analysis. In addition, 
natural grasslands did not drive relationships between milkweed and 
crop diversity, because there were no natural grasslands within our 
study landscapes. Last, road density, as a surrogate for roadside habitat 
amount (data from Statistics Canada, 2011), has a weakly positive 
relationship with crop diversity across all spatial extents 
(r = 0.02–0.26); thus, if anything, we could expect a slight increase in 

roadside habitat availability with increasing crop diversity. Therefore, 
the negative effect of crop diversity on milkweed cover does not appear 
to be driven by a relationship between crop diversity and milkweed 
habitat. 

We instead speculate that the negative effect of crop diversity on 
milkweed occurs because crop diversity benefits other herbaceous plant 
species, and milkweed do better in places with less competition from 
other plants. This is consistent with the observed opposite effect of crop 
diversity on milkweed and the cover of other herbaceous plants (Fig. 2), 
and is supported by Evetts and Burnside (1975), who found that both the 
reproductive success and growth of common milkweed were signifi-
cantly impeded by competition with other herbaceous species. Thus, the 
reduced abundance of other herbaceous plants in landscapes with less 
diverse crops could reduce competition for resources and allow for 
increased reproduction and growth of milkweed. 

This speculation may also help to explain the effects of the other 
farmland context variables on milkweed, because mean field size, 
hedgerow cover, and proportion annual crops in the landscape sur-
rounding our sampling sites also had opposite effects on the cover of 
milkweed and other herbaceous plants. Interestingly, the positive effect 
of mean field size on herbaceous cover was opposite to our prediction 
and to observed negative effects of mean field size on plant species 
richness (Alignier et al., 2020; Gaba et al., 2010; Zhou et al., 2018; but 
see also Appendix I). Thus, sites surrounded by large fields may have low 
plant species richness but high abundances of a few species, which do 
not include milkweed. Smaller field sizes may also benefit milkweed 
because, all else being equal, a landscape with smaller fields has more 
field edge. We found that milkweed was much more likely to occur and 
was more abundant in field edges than field interiors. Thus, smaller 
fields may result in larger populations of milkweed in the surrounding 
landscape that in turn can increase immigration to the local milkweed 
population. 

As expected, we found that herbicide use had a strong negative effect 
on the occurrence of milkweed. This is consistent with previous studies 
that found strong declines in milkweed and monarch populations over 
time with increasing intensity of glyphosate use, the dominant herbicide 
in our region (see Appendix J; Crone et al., 2019; Stenoien et al., 2015; 
Thogmartin et al., 2017b). Thus the observed 26% increase in the extent 
of herbicide application in our study region from 1996 to 2016 (Statis-
tics Canada, 2021) may very well have contributed to declines in 
milkweed in this region. 

Finally, we found that non-chemical fertilizer use reduced milkweed 
occurrence. Interspecific competition does not appear to explain this 
relationship, because the relationship between non-chemical fertilizer 
use and the cover of other plants was very weak (Fig. 2c). It is possible 
that high concentrations of fertilizers could directly impact milkweed. 
Effects of fertilizer on milkweed are poorly understood (Borders and 
Lee-Mäder, 2014). However, Darby et al. (2019) did report a weak, 
negative effect of increasing nitrogen fertilization rates on milkweed 
seed pod production. 

4.1. Management implications 

A compelling implication of this study is that it suggests altering 
agricultural landscapes to benefit milkweed does not need to result in 
more weed cover that could reduce crop yields. This is because we found 
effects of variables on milkweed occurrence and cover that were oppo-
site to their effects on other plant cover. In particular, our results suggest 
that reducing mean field sizes and crop diversity could result in 
increased occurrence and cover of milkweed for monarchs in agricul-
tural landscapes without increasing the abundance of other herbaceous 
plants. However, future research is needed to determine whether ben-
efits of reducing mean field sizes and crop diversity for milkweed 
translate into positive effects on monarchs. 

Given the current biodiversity crisis (IPBES, 2019), management 
actions that can simultaneously benefit many wildlife and plant species 
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are urgently needed. Thus, we can ask: which of the two management 
options to benefit milkweed—reducing field sizes or reducing crop 
diversity—would be most likely to also benefit other wildlife species in 
agricultural landscapes? Despite a typically negative relationship be-
tween mean field size and crop diversity (Appendix E), it is possible to 
modify the cropped portion of an agricultural landscape to reduce field 
sizes without affecting crop diversity, and vice versa (Fig. 6). Previous 
studies consistently show higher biodiversity in landscapes with smaller 
fields (Collins and Fahrig, 2017; Ekroos et al., 2019; Fahrig et al., 2015; 
Hass et al., 2018; Martin et al., 2020; Monck-Whipp et al., 2018; Rey-
nolds et al., 2018; Sirami et al., 2019; Zhou et al., 2018). For crop di-
versity the results are more mixed, but there are a number of studies 
showing benefits of increasing crop diversity for wildlife (e.g. Lee and 
Goodale, 2018; Monck-Whipp et al., 2018; Novotný et al., 2015; Palmu 
et al., 2014). Thus, guidelines/policies aimed at reducing field sizes are 
more likely to benefit milkweed and biodiversity than guide-
lines/policies to reduce crop diversity. 

Key next steps for decision-makers are to understand the economic 
impacts of reducing field sizes and the likelihood of farmers adopting 
policies/guidelines aimed at reducing the sizes of crop fields. Our results 
suggest reducing field sizes would increase milkweed without increasing 
weed cover. However, reducing field sizes might affect crop yields in 
other ways, for example, by changing pest insect abundances or machine 
efficiency. If smaller fields can benefit milkweed and biodiversity 
without substantial negative impacts on farmers, then this could be a 
particularly promising strategy for monarch conservation in agricultural 
landscapes. 
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Fig. 6. Although we typically observe a negative relationship between mean field size and crop diversity across agriculture-dominated landscapes, it is possible (a) to 
modify the cropped portion of an agricultural landscape to decrease mean field size without changing the crop diversity and (b) to modify the cropped portion of an 
agricultural landscape to decrease crop diversity without changing the mean field size. Note that the total area of the landscape in crop cover is identical across the 
three example landscapes. 
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