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ABSTRACT 
Although muskrats (Ondatra zibethicus) provide ecological, economic, and cultural values to wetlands, populations have ex-
perienced declines throughout North America. The cause(s) of declines remain unclear but may be linked to wetland loss, 
fragmentation, or degradation; weather; or diseases. We used harvest data from the Midwest, USA, as an index of abundance to 
investigate factors influencing population declines. Using linear mixed‐effects models, county‐level harvest of muskrats was 
positively associated with wetland connectivity and size, suggesting that population declines may be related to wetland loss. Site‐ 
level harvest was positively influenced by wetland habitat conditions, though additional studies may be necessary to corroborate 
this pattern. Wetland‐restoration efforts directly benefiting muskrat habitat may also benefit other wetland‐obligate wildlife 
communities. Strategies for managers include increasing the value of data collected during annual fur‐harvester surveys (e.g., 
standardization) to more effectively monitor muskrat demographics and help reveal specific factors affecting population trends.   

1 | Introduction 

Despite providing ecosystem services and habitat for numerous 
wildlife species (Costanza et al. 1997; Zedler and Kercher 2005), 
wetlands across the United States have experienced a loss of 
> 53% since the late 18th Century (Dahl and Allord 1996; Mitch 
and Gosselink 2007). Muskrats (Ondatra zibethicus) are 
important ecosystem engineers and indicators of ecosystem 
health in wetland communities (Higgins and Mitsch 2001; 
Ahlers et al. 2020; Aarrestad et al. 2021; Bomske and 
Ahlers 2021). Muskrats can retard growth of wetland vegeta-
tion, including cattails (Typha spp.), through intense herbivory 
(Smirnov and Tretyakov 1998; Clark 2000; Erb and Perry 2003; 
Nummi et al. 2006; Kua et al. 2020), improving conditions for 

other wetland wildlife, including amphibians, fish, in-
vertebrates, marsh birds, and waterfowl (Kaminski and 
Prince 1981; Nelson and Kadlec 1984; de Szalay and 
Cassidy 2001; Nummi et al. 2006). For example, hemi‐marsh 
conditions created and maintained by muskrats result in a mix 
of open water and vegetative structure that provides nesting and 
loafing areas for migrating waterfowl and waterbirds. 

Recent empirical evidence suggests declines in muskrat populations 
are widespread and long‐term, including within the Midwest Uni-
ted States (Toner 2006; Ahlers and Heske 2017; Ward and 
Gorelick 2018; Sadowski and Bowman 2021). These population 
declines could reflect issues in wetland systems that also negatively 
impact other wetland fauna, including those that benefit directly or 
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indirectly from muskrat activities (Erb and Perry 2003; Wilcox and 
Xie 2008). Lastly, muskrats are an important contributor to both the 
economic and cultural components of the international fur trade 
(Novak et al. 1987; Association of Fish and Wildlife Agencies 2022). 

Although mechanistic explanations are currently unknown for the 
long‐term decline in muskrat populations, some plausible hypoth-
eses exist (Ahlers and Heske 2017). Wetland loss and degradation 
have likely negatively affected muskrats and other species by al-
tering vegetation dynamics in wetlands, reducing population con-
nectivity, and limiting the availability and amount of high‐quality 
habitat (Clark 2000; Erb and Perry 2003; Ervin 2011; Ward and 
Gorelick 2018; Sadowski and Bowman 2021). Similarly, apparent 
declines in muskrat populations since the mid‐1980s (Roberts and 
Crimmins 2010; Ahlers and Heske 2017) have occurred simulta-
neously with increasing variability and extremity in precipitation 
events (Melillo et al. 2014). Muskrats are sensitive to increasing 
frequency, intensity, and duration of drought and flooding events 
(Bellrose and Low 1943; Piha et al. 2007; Ahlers et al. 2015), which 
can affect food availability (Clark and Kroeker 1993), recruitment 
(Kinler et al. 1990), displacement (Ahlers et al. 2015), and meta-
population dynamics (Straka et al. 2018; Ward et al. 2021). Finally, 
increased exposure to contaminants in degraded wetlands may also 
reduce survival and reproduction of muskrats (Ohio Department of 
Natural Resources 2016). 

No single factor has been identified as the driver of declining 
populations, and little information exists as to how these factors 
may work synergistically or vary spatially across the geographic 
distribution of muskrats. Therefore, we conducted a regional 
evaluation of relationships between muskrat abundance, as 
indexed by harvest data, and a set of factors through analysis of 
multi‐year, multi‐spatial‐scale data sets collected throughout 
the Midwest, USA. Our objectives were to: (1) evaluate if har-
vest data relate to wetland condition, quality, and spatial attri-
butes, along with weather, land‐cover type, and other factors; 
and (2) investigate factors associated with apparent population 
declines in the Midwest. We hypothesized that factors associ-
ated with wetland condition, size, and connectivity (i.e., dis-
tance between wetlands) would be important contributors to 
annual population abundance (as indexed by annual harvest). 

1.1 | Study Area 

Our study area included Michigan (MI; 250,487 km2), Minne-
sota (MN; 225,163 km2), Ohio (OH; 116,098 km2), and Wis-
consin (WI; 169,635 km2), USA (Figure 1). This area is 

characterized primarily by two ecoregions: Eastern Temperate 
Forest and Northern Forest (Omernik and Griffith 2014). The 
Northern Forest ecoregion has relatively dense forested areas 
and low population densities of humans, whereas the Eastern 
Temperate Forest has relatively greater agricultural land cover 
and greater population densities of humans (Danz et al. 2007). 
The Great Plains ecoregion occurs adjacent to the Great Lakes 
Basin restricted primarily to western and southern Minnesota, 
and is characterized by agricultural land use, relatively flat, dry 
terrain, and grasslands (Omernik and Griffith 2014). Elevation 
ranges from 138.7 m in southwestern Ohio to 701.3 m in 
northeastern Minnesota (US Geological Survey 2026). Mean 
annual precipitation generally increases west to east, and ran-
ged from 53.9 cm (MN) to 80.1 cm (OH); mean daily tempera-
ture generally increases from south to north, and ranged from 
5.6°C (MN) to 11.0°C (OH) during 2000–2018 (Midwest 
Regional Climate Center 2026). 

2 | Methods 

2.1 | Harvest Data 

Harvest data represent a valuable tool to assess muskrat pop-
ulation trends, and often represent the only long‐term and 
geographically widespread data sets for many furbearing species 
(White et al. 2015; Ahlers and Heske 2017; Hiller 
et al. 2018, 2021; Ahlers et al. 2021). Inherently, harvest is 
linked to local or regional abundances of species (McKelvey 
et al. 2011; Ahlers et al. 2016). When assessing harvest data, the 
potential influence of trapper effort must be addressed to ensure 
biological factors influencing species abundance are disen-
tangled from trapper effort (Landholt and Genoways 2000; 
DeVink et al. 2011; McKelvey et al. 2011; Ahlers et al. 2016). If 
trapper effort is not quantified directly, then factors influencing 
trapper effort must be identified and controlled for during 
analysis (DeVink et al. 2011; McKelvey et al. 2011; Ahlers 
et al. 2016). 

We used harvest information from state and federal biologists 
responsible for managing furbearer populations within our 
study area. We used two spatial scales for our analyses: 
(1) county‐level harvest obtained from statewide fur‐harvester 
surveys in Michigan, Minnesota, and Ohio, and (2) site‐level 
harvest data obtained from sites within state‐managed areas 
and the US Fish and Wildlife Service (USFWS) National Wild-
life Refuge System. For each spatial scale, we evaluated two 
separate model sets, one set using all available years of data, but 
excluding variables associated with wetland‐vegetation char-
acteristics, and one set using data collected during 2011–2018, 
which was of shorter duration but provided available wetland‐ 
vegetation data. For county‐level analyses, we obtained data 
collected by Michigan Department of Natural Resources (2025), 
Minnesota Department of Natural Resources (2025), and ODNR 
(2025) via voluntary surveys mailed to a subset of licensed 
trappers to assess muskrat harvest. Specific questions related to 
trapper effort varied by state (Supporting Information S1: 
Table S1). 

For our site‐level analyses, we compiled a series of data sets 
detailing annual muskrat harvest from 18 state‐managed areas 
and 8 national wildlife refuges in Michigan, Minnesota, Ohio, 

Summary 
Practitioner Points   
• Regional population declines of muskrats have been 

occurring across North America for several decades. 

• Using harvest data as an index of population abun-
dance, populations may be declining due to loss of 
wetland connectivity and decreasing wetland size.  

• Standardized surveys of muskrat harvest would yield 
more effective monitoring of muskrat populations.   
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and Wisconsin (Supporting Information S1: Tables S2 and S3). 
Methods for collecting data varied by site and agency, but 
generally followed site‐specific protocols that consisted of post‐ 
season surveys of trappers. Reporting requirements (i.e., man-
datory or voluntary) varied by site. For each site, we consulted 
site managers about collection methods, data quality, and lim-
itations. Based on these discussions, we included data sets only 
from sites: (1) where number of trappers/year could be quan-
tified and assigned to corresponding annual harvest data, 
(2) with > 5 seasons of muskrat‐harvest data, and (3) where 
date range of harvest data was 2000–2018 (Supporting Infor-
mation S1: Tables S1–S3). We summarized all site‐level data sets 
excluded from analyses and described our rationale (Supporting 
Information S1: Table S3). Within our data sets, no regulations 
for any site or state included a harvest limit for muskrats. 

2.2 | County‐Level Harvest 

Our ability to directly quantify trapper effort differed based on 
specific questions asked within fur‐harvester surveys 
(Supporting Information S1: Table S1). For example, although 
information on number of traps set specifically for muskrats 
was available for Minnesota and Ohio, these data were not 
included within surveys of trappers in Michigan. Therefore, we 
developed a common index for harvest (i.e., per‐capita harvest 
of muskrats). In our analysis of county‐level per‐capita harvest 
of muskrats, we combined data from each of the three states 
into a single data set. We defined our dependent variable of per‐ 
capita harvest of muskrats (PCHM) for each county and harvest 
season as: 

PCHM = Harvest
Trappers

,i

where Harvesti = number of muskrats reported as harvested by 
an individual trapper (i), and Trappers = number of trappers 
reporting muskrat harvest. 

When calculating PCHM from surveys, we excluded any data 
that contained errors, such as an individual trapper that re-
ported number of days greater than available in a given harvest 
season, grammatical errors affecting interpretation of data, or 
otherwise incomplete data. For survey responses in which 
multiple counties were listed for muskrat harvest, we equally 
proportioned values among relevant counties. To test our 
hypotheses related to factors influencing the population 
dynamics of muskrats, we included existing data collected 
within our study area by several sources. We used only data 
considered biologically meaningful to county‐level scale of 
harvest data and of sufficient temporal and spatial completeness 
(Supporting Information S1: Tables S4 and S5). 

We developed a set of county‐level variables associated with 
annual weather patterns to evaluate influences of temperature, 
precipitation, and drought on muskrat harvest and population 
dynamics (Supporting Information S1: Table S4). We calculated 
annual deviation from the previous 10‐year averages in monthly 
temperature (°C) and precipitation (cm) during summer months 
(Jun–Aug) immediately preceding a given harvest season and 
during winter months (Dec, and Jan, Feb of following year) during 

a given harvest season. We obtained temperature and precipitation 
data from a 4‐km grid cell located near the centroid of each county 
(PRISM Climate Group 2021). We also calculated the annual 
Palmer Drought Severity Index and Standardized Precipitation 
Index averaged across the spatial extent of each county for the year 
(t) of initiation of each harvest season (Droughtt and Precipt, 
respectively), and for the preceding year (Droughtt−1, Precipt−1). 
Data for Drought and Precip were obtained from gridded data 
sets of surface meteorological variables (gridMET data set; 
Abatzoglou 2013) and were extracted for each county using Cli-
mate Engine (Huntington et al. 2017). 

We defined a set of variables to quantify landscape‐scale 
land‐cover and spatial attributes of wetlands associated with 
each county (Supporting Information S1: Table S4). Using 
the land‐cover types within National Land Cover Database 
(NLCD; Multi‐Resolution Land Characteristics Consor-
tium 2021), we estimated the total area (%) of each of the 
three land‐cover types (open water, woody wetland, and 
emergent herbaceous wetland) associated with wetlands 
within each county for each of the 7 years (2001, 2003, 2006, 
2008, 2011, 2013, and 2016) in which these data were con-
sistent with our study period. We also combined a subset of 
existing land‐cover types to create three additional catego-
ries to define broader‐scale land‐cover types including: 
(1) wetlands (open water, woody wetlands, and emergent 
herbaceous wetlands); (2) agricultural (pasture‐hay and 
cultivated crops); and (3) developed (developed open space, 
developed low intensity, developed medium intensity, and 
developed high intensity). We then calculated the total area 
(%) within each county for each category. 

We used the wetlands category to estimate variables for mean 
area of all wetland patches (Patch Area), largest area of a wet-
land patch (Largest Patch), mean Euclidean nearest‐neighbor 
distance (m) between wetland patches (Connectivity), and 
number of wetland patches (Number of Patches) within each 
county using the landscapemetrics package (Hesselbarth 
et al. 2019) in Program R v. 4.5.0 (R Core Team 2025). We 
defined size of individual patch as a single raster cell based on 
the spatial resolution (30 m) of NLCD. For all land‐cover vari-
ables derived from NLCD, we used linear interpolation to es-
timate values during years when NLCD data were not available. 
We used the National Wetland Inventory (NWI) database to 
estimate total area (%) of different wetland types within each 
county (USFWS 2021). Data from the NWI are continuously 
updated, resulting in values for these variables being fixed in 
time (i.e., no variation on an annual basis) within our data set. 
Finally, we assigned each county to one of three ecoregions 
(Eastern Temperate Forest, Great Plains, Northern Forest; 
Omernik and Griffith 2014). For any counties that included > 1 
ecoregion, we assigned the ecoregion with the greatest area (%) 
within that county. 

To evaluate effects of wetland vegetation on muskrat harvest, 
we interpolated variables for floristic quality index (Floristic; 
calculated by summing coefficients of conservatism of each 
species presence and dividing that value by the square root of 
species richness) and vegetative multimetric index (VegI; an 
index of 0–100 calculated using Floristic, relative importance of 
native plants, tolerance to disturbance, and relative cover of 
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native monocot species; Magee et al. 2019, U.S. EPA 2024a:114, 
145) based on data derived from three programs associated with 
wetland assessment and monitoring within our study area. 
These programs included the National Wetland Condition 
Assessment (NWCA) conducted by the US Environmental 
Protection Agency (2024a, 2024b), the Wetlands Rapid Assess-
ment Monitoring program (ORAM) conducted by Ohio En-
vironmental Protection Agency (OH EPA; Gara and 
Schumacher 2015), and the Minnesota Wetland Condition 
Assessment (MWCA) conducted by the Minnesota Pollution 
Control Agency (MPCA; Bourdaghs et al. 2019) during either 
2011 or 2012 and 2016, depending on location and data source. 
We used kriging interpolation to create predictive contours for 
both Floristic and VegI for our study area using the gstat 
package (Pebesma 2004; Gräler et al. 2016) in Program R. We 
then assigned Floristic and VegI values to each county based on 
the mean value of the predicted contours within each county. 
For data collected by NWCA and ORAM, Floristic and VegI 
were available only for 2 years (either 2011 or 2012 and 2016) 
during our study period. Therefore, we ran a subset of models 
using data during 2011–2018. VegI and Floristic were excluded 
from the full data set because no data were available prior to 
2011. For both Floristic and VegI, vegetation condition of wet-
lands was considered to be more representative of native, 
undisturbed plant communities at higher values compared to 
non‐native, disturbed communities at lower values (Magee 
et al. 2019; U.S. EPA 2024a, 2024b). 

Because effort was not directly quantified in our dependent 
variable (i.e., PCHM), we calculated independent variables 
annually for gasoline price, pelt price, and unemployment rate, 
each of which may influence trapper effort (Ahlers et al. 2016). 
We obtained data from annual fur‐buyer surveys conducted in 
Minnesota (MNDNR, unpubl. data), Michigan (C. Kettler, 
Michigan Trappers and Predator Callers Association, unpubl. 
data), and Ohio (ODNR, unpubl. data) to calculate mean pelt 
prices (US$) for muskrats in each state. We also obtained mean 
statewide annual retail price (US$) for all gasoline formulations 
(gasoline price) for each state (U.S. Energy Information 
Administration 2021). We adjusted both pelt price and gas price 
for inflation each year based on the Consumer Price Index for 
2018 (U.S. Bureau of Labor Statistics 2021). Finally, we calcu-
lated mean annual statewide unemployment rate for each state 
(U.S. Bureau of Labor Statistics 2021). 

We used linear mixed‐effects modeling (LMM) to evaluate re-
lationships between PCHM and our set of independent vari-
ables associated with each analysis. To avoid multicollinearity, 
we used the Pearson product‐moment correlation coefficient (r) 
and did not include variables in the same model that were 
highly correlated (| r | > 0.7; Sheskin 2007). We used natural‐log 
transformations for our dependent variables because residual 
diagnostics indicated misspecification in Poisson and negative‐ 
binomial count models with offsets. We rescaled all of our 
continuous independent variables by centering and dividing by 

FIGURE 1 | Study area for analysis of site‐ (state‐managed areas [n = 6], national wildlife refuges [n = 7]) and county‐ (n = 258) level harvest data 
for muskrats (Ondatra zibethicus) in Michigan (2007–2018), Minnesota (2000–2018), Ohio (2008–2018), and Wisconsin (2001–2018), USA, including 
boundary for the Great Lakes Basin, and the distribution of Ecoregions (level I; Omernik and Griffith 2014).  
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1 standard deviation to aid model convergence and interpreta-
tion (Schielzeth 2010). In all models in each model set, we 
included categorical variables county and harvest season as 
random effects. 

We constructed a set of a priori models by logically grouping 
variables, including interaction terms when appropriate. Each 
of our model sets additionally included a null model. We 
included extrinsic variables related specifically to trapper effort 
(i.e., gasoline price, pelt price, unemployment rate) in all 
models within this set. Because effort directly affects observed 
counts, they were included in every model as a control variable. 
This means our baseline model was not a true intercept‐only 
null, but a minimum model that accounts for effort. 

We assessed the fit of our model sets through residual diag-
nostics on scaled residuals using a simulation approach with 
the DHARMa package (Hartig 2021) in Program R. We used 
Akaike Information Criterion adjusted for small sample size 
(AICc) to rank models based on model complexity and fit 
(Burnham and Anderson 2002), and considered variables in the 
highest‐ranked models with 95% confidence limits that did not 
overlap zero to have strong support in describing our inde-
pendent variable. We performed all statistical analyses using 
Program R. 

2.3 | Site‐Level Harvest 

We expected many of the same variables described for assessing 
county‐level muskrat harvest would potentially influence site‐ 
level harvest. Therefore, we used the same set of variables for all 
site‐level analyses, but adjusted the spatial scale to more 
appropriately represent the scale of this analysis. For weather‐ 
related variables, we calculated annual values from the 4‐km 
grid cell located at the center of each site (i.e., those associated 
with temperature and precipitation) or averaged within site 
boundaries (i.e., annual Drought and Precip). For those vari-
ables associated with land cover and wetland vegetation index, 
we calculated each variable across a spatial extent that included 

the area contained within 10 km of the boundaries of each site 
to account for attributes of the adjacent landscape. For gasoline 
price, pelt price, and unemployment rate, we used state‐level 
values and included an effort‐only model in all model sets to 
represent a minimum model. 

Because only two of the site‐level data sets for muskrat harvest 
directly quantified trapper effort, we used PCHM while con-
trolling for extrinsic factors influencing trapper effort as our 
dependent variables to standardize comparisons across sites. 
We used generalized linear mixed models (GLMM) to evaluate 
the relationship between PCHM and the set of independent 
variables for each site. We transformed PCHM using a natural‐ 
log transformation and rescaled all of our continuous inde-
pendent variables by centering and dividing by 1 standard 
deviation to aid model convergence and interpretation 
(Schielzeth 2010). For all models within both model sets, we 
included the categorical variables site and harvest season as 
random effects. We constructed a set of a priori models by 
logically grouping variables, including interaction terms when 
appropriate. Each of our model sets included an effort‐only 
model. Similar to our regional analysis of PCHM, we included 
effects of gasoline price, pelt price, and unemployment rate in 
all models to account for trapper effort. We assessed model fit 
and performance using methods similar to those for county‐ 
level analysis. 

3 | Results 

3.1 | Harvest Data 

Our regional analysis of county‐level muskrat harvest included 
258 counties within three states (MI, MN, OH), where a com-
bined total of 1,849,528 harvested muskrats were reported by 
43,512 trappers during 2000–2018. Reported number of musk-
rats harvested, number of trappers, and date ranges of available 
data varied by state (Supporting Information S1: Table S6). 
Using harvest data collected during only 2011–2018 resulted in 
971,155 harvested muskrats reported by 21,421 trappers. After 

TABLE 1 | Model‐selection results of the 10 highest‐ranked models within a set of 52 models for analysis of muskrat (Ondatra zibethicus) 
harvest using annual county‐level data collected for all counties (n = 258) in Michigan (2000–2018), Minnesota (2002–2018), and Ohio (2008–2018), 
USA. Dependent variable was per‐capita harvest of muskrats. Models are ranked based on Akaike Information Criterion adjusted for small sample 
size (AICc; Burnham and Anderson 2002), where K = number of model parameters, LL = log‐likelihood value of model, ΔAICc = difference in AICc 

relative to highest‐ranked model within the model set, and w = AICc weight. Random effects included County and Harvest Season, and extrinsic 
fixed‐effect variables included Pelt Price, Gasoline Price, and Unemployment Rate included for all models. * = pairwise interaction terms.      

Model K LL ΔAICc w  

Connectivity * Ecoregion + Precipt * Ecoregion + Precipt−1 * Ecoregion 18 −4324.71 0.00 0.76 
Area Wetland * Ecoregion + Precipt * Ecoregion + Precipt−1 * Ecoregion 18 −4326.26 3.11 0.16 
Area Woody Wetlands * Ecoregion + Precipt * Ecoregion + Precipt−1 * Ecoregion 18 −4327.41 5.40 0.05 
Winter Temp * Ecoregion + Precipt * Ecoregion + Precipt−1 * Ecoregion 18 −4327.98 6.55 0.03 
Precipt * Ecoregion + Precipt−1 * Ecoregion 15 −4336.81 18.15 < 0.01 
Summer Temp * Ecoregion + Precipt * Ecoregion 15 −4350.18 44.89 < 0.01 
Winter Temp * Ecoregion + Precipt * Ecoregion 15 −4350.74 46.00 < 0.01 
Connectivity + Precipt + Precipt−1 + Ecoregion 12 −4364.23 66.94 < 0.01 
Precipt + Precipt−1 + Ecoregion 11 −4366.03 68.53 < 0.01 
Summer Temp * Ecoregion + Winter Temp * Ecoregion 15 −4369.54 83.60 < 0.01 
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filtering data, our site‐level analyses contained harvest data 
from six state‐managed areas and seven national wildlife ref-
uges (Figure 1, and Supporting Information S1: Table S2). 
Throughout these 13 sites, 324,245 harvested muskrats were 
reported by 1339 trappers in state‐managed areas, and 138,668 
harvested muskrats were reported by 595 trappers in national 
wildlife refuges during 2011–2018. The date ranges of site‐level 
data on muskrat harvest included in our model set varied by site 
(Supporting Information S1: Table S2). 

3.2 | County‐Level Harvest 

Several of our independent variables were correlated, including 
Droughtt and Precipt (r = 0.87), Droughtt−1 and Precipt−1 

(r = 0.87), Floristic and VegI (r = 0.76), and many of our vari-
ables assessing wetland distribution based on NLCD with those 
based on NWI (r > 0.70). Because each pair of correlated vari-
ables represented variables quantifying a similar underlying 
attribute, we removed one variable in each pair from further 
analysis to reduce redundancy and to aid model interpretation. 
Specifically, we removed Droughtt, Droughtt−1, Floristic, and 
NWI variables from consideration, and retained Precipt, 
Precipt−1, VegI, and NLCD variables. 

Our highest‐ranked model from our county‐level model set 
using all years of data contained pairwise interactions between 
Connectivity, Precipt, and Precipt−1 with Ecoregion (Table 1 

and Supporting Information S1: Table S7). PCHM was inversely 
associated with distance between wetland patches in the East-
ern Temperate Forest ecoregion. Specifically, PCHM predic-
tions ranged from 27.63 (95% CL = 23.81–32.07) at the shortest 
recorded distance (114.57 m) between wetland patches to 17.72 
(95% CL = 13.16–23.85) at the greatest distance (644.51 m) 
between wetland patches while holding all other variables 
constant at their respective mean values. In the Northern Forest 
ecoregion, there was a decrease in PCHM, with predictions 
ranging from 22.24 (95% CL = 15.78–31.35) at the shortest dis-
tance (74.25 m) between wetland patches to 9.15 (95% 
CL = 6.35–13.18) at the greatest distance (154.89 m) between 
wetland patches. In the Great Plains ecoregion, PCHM 
increased from 15.90 (95% CL = 10.88–23.23) at 103.04 m 
between wetlands to 52.93 (95% CL = 34.61–80.96; Figure 2) at 
344.98 m between wetlands. PCHM was positively related to 
Precipt for all ecoregions, whereby the intercept and strength of 
each relationship varied by Ecoregion (Supporting Information 
S1: Figure S1). PCHM decreased in the Eastern Temperate 
Forest with increased Precipt−1 but increased in the Northern 
Temperate and Great Plains ecoregions with increased Precipt−1 

(Supporting Information S1: Figure S2). All effort variables in 
the top‐selected model were strongly associated with PCHM, 
where PCHM increased with increasing pelt price (0.12; 95% 
CL = 0.07–0.16) and increasing unemployment rate (0.07; 95% 
CL = 0.02–0.11), and declined with average gas price (−0.07; 
95% CL −0.11– −0.02). The minimum model of effort only was 
not ranked in the top ten models (ΔAIC = 140.26, w = 0.00). 

FIGURE 2 | Relationship between annual reported per‐capita harvest of muskrats (Ondatra zibethicus; PCHM) by county and mean distance (m) 
between wetland patches (Connectivity)/county by ecoregion: (A) Eastern Temperate Forest, (B) Great Plains, and (C) Northern Forest. Annual 
county‐level harvest data were based on fur‐harvester survey data collected in Michigan (2007–2018), Minnesota (2000–2018), and Ohio (2008–2018), 
USA. Back‐transformed relationship (solid lines) and 95% confidence limits (dashed lines) were predicted from the highest‐ranking model based on 
Akaike Information Criterion adjusted for small sample size (AICc; Burnham and Anderson 2002) from a model set containing 52 models where all 
other model variables were held at their mean value. Data included 3682 county‐harvest season combinations. Distribution of actual values for 
Connectivity are shown as a rug plot along the x‐axis for each panel, respectively. Refer to text for parameters and model estimates (15 parameters).  
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The highest‐ranked model for the county‐level model set 
(2011–2018) included an additive effect of Winter Temp and 
pairwise interactions between Precipt, and Precipt−1 with 
Ecoregion (Supporting Information S1: Tables S8 and S9). 
PCHM increased by 21.5% (95% CL = 14.9–28.5) with each 
increase of 1 standard deviation (2.61) in the winter tempera-
ture deviation from the 10‐year average (Supporting Informa-
tion S1: Figure S3). PCHM was positively associated with 
Precipt, particularly in the Eastern Temperate Forest and Great 
Plains, with smaller increases in the Northern Forest 
(Supporting Information S1: Figure S4). PCHM also increased 
with increased Precipt−1 with varying strength across all ecor-
egions (Supporting Information S1: Figure S5). The only sup-
ported effort variable in the top selected model was gas price 
which was positively associated with PCHM (0.24 95% CL = 
0.13−0.35). The minimum model of effort received no support 
(ΔAIC = 96.36, w = 0.00). 

3.3 | Site‐Level Harvest 

At the site level, we included 13 sites (area = 18.9–481.2 km2) 
within state‐ and federally (i.e., National Wildlife Refuge Sys-
tem) managed areas in four states (MI, MN, OH, WI; Figure 1). 
Twelve sites were located in the Eastern Temperate Forest, and 
one site in the Northern Forest. The same pairs of variables 
correlated (| r | > 0.7) during the county‐level analyses were 
correlated during the site‐level analyses. Therefore, we excluded 
Droughtt, Droughtt−1, Floristic, and NWI variables, and 
included Precipt, Precipt−1, VegI, and NLCD variables during 

site‐level analyses. In addition to extrinsic variables for trapper 
effort, multiple models were supported in our site‐level model 
set with all years of available data. However, only one model 
had greater support compared to the null model, and included 
Patch Number, suggesting a negative but imprecise relationship 
with PCHM (Table 2 and Supporting Information S1: 
Table S10). PCHM was predicted to decrease by 39.00% (95% 
CL = −62.73–0.46) for each increase of 1 standard deviation in 
Number of Patches (1422; Figure 3). Our results included no 
strong effect of effort variables on PCHM as all estimates were 
imprecise. Similarly, the highest‐ranked model for the subset 
(2011–2018) of site‐level data was the null model (Supporting 
Information S1: Tables S11 and S12). With all additional vari-
ables held constant at their respective mean values, the pre-
dicted site‐level PCHM was 154.74 (95% CL = 89.10–268.73). 
Effort variables were included in the minimum (null) model, 
but all estimates were imprecise. 

4 | Discussion 

Our study is the first to assess both county‐level and site‐level 
trends in muskrat population dynamics at the regional scale. 
Our assessment of these different types of data, including 
quantifying these relationships, should inform management 
decisions and recommendations, such as prioritizing specific 
management actions to mitigate regional declines in muskrats. 
In addition, given the capacity of muskrats to serve as eco-
system engineers and indicator species in wetland communities 
(e.g., Bomske and Ahlers 2021), the patterns we uncovered may 

TABLE 2 | Model‐selection results of the 10 highest‐ranked 
models within a set of 50 models for analysis of annual site‐level 
harvest data for muskrat (Ondatra zibethicus) from six state‐ 
managed areas and seven national wildlife refuges within Michi-
gan, Minnesota, and Ohio, USA, during 1996–2018, depending on 
area. Dependent variable was per‐capita harvest of muskrats. 
Models are ranked based on Akaike Information Criterion adjusted 
for small sample size (AICc; Burnham and Anderson 2002), where 
K = number of model parameters, LL = log‐likelihood value of 
model, ΔAICc = difference in AICc relative to highest‐ranked 
model within the model set, and w = AICc weight. Random effects 
included Site and Harvest Season.      

Model K LL ΔAICc w  

Number of Patches 8 −235.94 0.00 0.11 
Null 7 −237.21 0.36 0.09 
Patch Area 8 −236.30 0.72 0.07 
Area Emergent 
Wetlands 

8 −236.33 0.79 0.07 

Largest Patch 8 −236.36 0.84 0.07 
Precipt−1 8 −236.61 1.35 0.05 
Area Wetlands 8 −236.66 1.45 0.05 
Winter Temp 8 −236.80 1.73 0.05 
Area Woody Wetlands 8 −236.83 1.79 0.04 
Winter Temp + 
Patch Area 

9 −236.09 2.52 0.03   

FIGURE 3 | Relationship between annual reported per‐capita har-
vest of muskrats (Ondatra zibethicus; PCHM) and the total number of 
wetland patches based on annual site‐level harvest data from six state‐ 
managed areas and seven national wildlife refuges in Michigan, Min-
nesota, Ohio, and Wisconsin, USA, during 2000–2018. Back‐ 
transformed relationship (solid lines) and 95% confidence limits 
(dashed lines) were predicted from the highest‐ranking model based on 
Akaike Information Criterion adjusted for small sample size (AICc; 
Burnham and Anderson 2002) from a model set containing 50 models 
where all other model variables were held at their mean value. Data 
included 189 site‐harvest season combinations. Distribution of actual 
values for total number of wetlands patches are shown as a rug plot 
along the x‐axis. Estimates of wetland patches were imprecise (− 0.34; 
95% CL = −0.91–0.22).  
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help guide wetland conservation, restoration, and management 
within the Midwest. 

We found evidence that spatial attributes of wetlands and effects of 
drought were important drivers of muskrat harvest within the 
Midwest states. In our county‐level analysis, muskrat harvest 
decreased with increasing distance between wetlands (i.e., reduced 
connectivity) in the Eastern Temperate Forest and Northern 
Forest and increased with decreasing connectivity in the Great 
Plains. However, when considering all three states together, 
muskrat harvest increased with increasing wetland area in Ohio 
and the Northern Forest ecoregion of Michigan. Because trapper 
effort was indirectly (i.e., PCHM) accounted for throughout our 
modeling efforts, we expect that the relationships between harvest 
and wetlands is linked to the underlying abundance of muskrats 
(Ahlers et al. 2016). Our results support the hypothesis that 
regional‐scale declines in abundance of muskrats are likely asso-
ciated with losses to wetland habitats throughout the Midwest, 
and more generally, throughout North America. 

We found wetter annual conditions were associated with 
increased muskrat harvest within the Great Plains ecoregion. 
Although the impacts of drought conditions on wetland eco-
systems are complex, reduced water levels and increased dis-
tances between areas containing muskrat habitat during drier 
conditions may lead to decreased reproduction and population 
sinks (Ahlers et al. 2015; Ward et al. 2021). Furthermore, 
increases in frequency and duration in high‐water levels or 
flooding events may offer opportunities for muskrat dispersal or 
displacement, followed by increased reproduction (Ahlers 
et al. 2015; Straka et al. 2018; Ward et al. 2021). These impacts 
may be particularly pronounced in the prairie‐pothole region 
where water resources may be limited because of intensive 
agricultural use (J. Erb, MNDNR, personal communication, 
2024). Therefore, in addition to effects of wetland connectivity 
and size on declining populations of muskrats, our results 
concur with other studies (i.e., Ahlers et al. 2015; Ward 
et al. 2021) which suggest climate change may also impact 
muskrat populations. However, future studies are needed to 
address direct links between climate change effects and popu-
lation demographics of muskrats and other wetland‐obligate 
species. 

Our analyses may be improved through addressing limitations 
associated with the availability of important data sets during 
this study. First, the nationwide effort of the U.S. EPA NWCA 
program to assess the status and conditions of wetlands 
throughout our study area is completed every 5 years. Although 
we were able to incorporate the 2011–2012 and the 2016 data 
(i.e., variables for Floristic and VegI) from this program in our 
modeling efforts, no data were available prior to these years, 
resulting in a small subset of data to test the influence of wet-
land vegetation on muskrat harvest. If long‐term vegetation 
data were available, including these data may have allowed us 
to examine relationships between trends in wetland conditions 
as measured by vegetative index and muskrat harvest, which in 
turn could enhance our insight into additional factors associ-
ated with muskrat population declines. 

We acknowledge that site‐specific constraints and considera-
tions of political or social conditions at the local or state level 

may necessarily be integrated into decisions associated with 
muskrat and wetland management. Under those considera-
tions, increased connectivity and size of wetlands were associ-
ated with increased county‐level muskrat harvest, indicating 
that wetland loss has contributed to widespread declines in 
muskrat populations. Given the role of muskrats as ecosystem 
engineers in wetland communities, wetland‐management ac-
tions that increase the abundance and distribution of muskrat 
populations may synergistically serve to improve wetland 
function and biodiversity. Although connectivity is an impor-
tant consideration, creation of a single isolated wetland should 
not be discouraged despite being less than ideal. 

In addition, our efforts to evaluate the utility of using muskrat 
harvest data as an indicator of wetland condition and to index the 
population status of other wetland‐wildlife species were con-
strained by too few data that were spatially and temporally con-
sistent within our study area. Identification of wetland areas of 
interest, particularly those areas where consistent and standard-
ized monitoring efforts to survey populations of other wetland 
wildlife are or can be established, and where long‐term wetland‐ 
monitoring programs can also include standardized and relatively 
comprehensive surveys (e.g., hut‐count surveys) for muskrats and 
wetland characteristics (e.g., vegetation, water quality) should be 
a priority. Further, for sites with harvest, the collection of harvest 
data can also be standardized to allow for a much more robust 
evaluation of muskrat harvest and population trends, and conse-
quently, improved management of both muskrats and wetlands. 
Efforts to increase and standardize the collection of furbearer 
harvest data, including to readily facilitate direct comparisons of 
data sets across jurisdictions, are an important consideration to 
improve furbearer management (Hiller et al. 2021).  

Author Contributions 

Tim L. Hiller: conceptualization, funding acquisition, writing – origi-
nal draft, methodology, validation, writing – review and editing, formal 
analysis, project administration, supervision, investigation, data cura-
tion. Andrea Sylvia: formal analysis, writing – review and editing. 
Jesse T. Boulerice: data curation, formal analysis, writing – original 
draft. Adam A. Ahlers: conceptualization, data curation, formal 
analysis, investigation, methodology, project administration, writing – 
review and editing, funding acquisition. Dwayne R. Etter: conceptualiza-
tion, investigation, methodology, project administration, writing – review 
and editing, funding acquisition. Eric M. Dunton: conceptualization, 
investigation, methodology, project administration, writing – review and 
editing, funding acquisition. 

Acknowledgments 

We thank the agencies and staff that contributed data to our regional 
project, including G. Albers, A. Allstadt, B. Avers, M. Bourdaghs, 
C. Dennison, J. Erb, N. Hansel‐Welch, R. Huffman, S. Jarosz, L. Kearns, 
C. Kettler, J. Krapfl, S. McTaggart, M. Monfils, M. Nichols, S. Odell, 
R. Prachar, N. Roberts, S. Rossler, S. Saunders, R. Smith, J. Stangel, 
D. Uzarski, S. Wahl, and A. Yetter, among others. We also thank 
D. Tyre for assistance with statistical analyses. Comments from anony-
mous reviewers greatly improved our manuscript. This project was fun-
ded through the Great Lakes Fish and Wildlife Restoration Act Program 
(Cooperative Agreement Award F18AC00786), Michigan Department of 
Natural Resources through the Pittman‐Robertson Wildlife Restoration 
Act Grant (MI W‐155‐R), and Ohio Department of Natural Resources 
(Grant DNRPWAPS01). The findings and conclusions in this article are 

8 Wildlife Letters, 2026 

 28325869, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/w

ll2.70044, W
iley O

nline L
ibrary on [02/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



those of the authors and do not necessarily represent the views of 
USFWS. Any use of trade, product, or firm names is for descriptive 
purposes only and does not imply endorsement by the United States 
Government. 

Conflicts of Interest 

The authors declare no conflicts of interest. 

Data Availability Statement 

The data that support the findings of this study are openly available in 
the Wildlife Ecology Institute Data Repository at https://doi.org/10. 
59438/BMJV5290. 

References 

Aarrestad, O. B. R. M., S. K. Windels, A. A. Ahlers, et al. 2021. “Baseline 
Physiologic and Hematologic Health in Wild‐Caught Muskrats (Onda-
tra zibethicus) From a Near‐Pristine Ecosystem in Northern Minnesota.” 
Journal of Zoo and Wildlife Medicine 52, no. 2: 698–703. https://doi.org/ 
10.1638/2020-0108. 

Abatzoglou, J. T. 2013. “Development of Gridded Surface Meteorological 
Data for Ecological Applications and Modelling.” International Journal of 
Climatology 33, no. 1: 121–131. https://doi.org/10.1002/joc.3413. 

Ahlers, A. A., L. A. Cotner, P. J. Wolff, M. A. Mitchell, E. J. Heske, and 
R. L. Schooley. 2015. “Summer Precipitation Predicts Spatial Distribu-
tions of Semiaquatic Mammals.” PLoS One 10: e0135036. https://doi. 
org/10.1371/journal.pone.0135036. 

Ahlers, A. A., and E. J. Heske. 2017. “Empirical Evidence for Declines 
in Muskrat Populations Across the United States.” Journal of Wildlife 
Management 81, no. 8: 1408–1416. https://doi.org/10.1002/jwmg.21328. 

Ahlers, A. A., E. J. Heske, and C. A. Miller. 2016. “Economic Influences 
on Trapper Participation and Per Capita Harvest of Muskrat.” Wildlife 
Society Bulletin 40, no. 3: 548–553. https://doi.org/10.1002/wsb.696. 

Ahlers, A. A., T. P. Lyons, and E. J. Heske. 2021. “Population Dynamics 
of Muskrats (Ondatra zibethicus) and American Mink (Neovison vison): 
Investigating Contemporary Patterns in a Classic Predator‐Prey Sys-
tem.” Canadian Journal of Zoology 99, no. 8: 681–688. https://doi.org/ 
10.1139/cjz-2020-0296. 

Ahlers, A. A., T. M. Wolf, O. Aarrestad, et al. 2020. “Survey of Toxo-
plasma Gondii Exposure in Muskrats in a Relatively Pristine Eco-
system.” Journal of Parasitology 106, no. 3: 346–349. https://doi.org/10. 
1645/19-126. 

Association of Fish and Wildlife Agencies. 2022. “Furbearer Manage-
ment, National Fur Harvest Database.” https://www.fishwildlife.org/ 
afwa-inspires/furbearer-management. 

Bellrose, Jr., F. C., and J. B. Low. 1943. “The Influence of Flood and Low 
Water Levels on the Survival of Muskrats.” Journal of Mammalogy 24, 
no. 2: 173–188. https://doi.org/10.2307/1374798. 

Bomske, C. M., and A. A. Ahlers. 2021. “How Do Muskrats Ondatra 
zibethicus Affect Ecosystems? A Review of Evidence.” Mammal Review 
51, no. 1: 40–50. https://doi.org/10.1111/mam.12218. 

Bourdaghs, M., J. Genet, and M. Gernes. 2019. Status and Trends of 
Wetlands in Minnesota: Minnesota Wetland Condition Assessment (2011/ 
12–2016). Minnesota Pollution Control Agency, Saint Paul, Minnesota, 
USA. https://www.pca.state.mn.us/sites/default/files/wq-bwm1-11.pdf. 

Burnham, K. P., and D. R. Anderson. 2002. Model Selection and Mul-
timodel Inference, 2nd ed. Springer. 

Clark, W. R. 2000. “Ecology of Muskrats in Prairie Wetlands.” In Prairie 
Wetland Ecology: The Contribution of the March Ecology Research 
Program, edited by H. R. Murkin, A. G. van der Valk, and W. R. Clark, 
287–313. Iowa State University Press. 

Clark, W. R., and D. W. Kroeker. 1993. “Population Dynamics of 
Muskrats in Experimental Marshes at Delta, Manitoba.” Canadian 
Journal of Zoology 71, no. 8: 1620–1628. https://doi.org/10.1139/ 
z93-228. 

Costanza, R., R. d'Arge, R. de Groot, et al. 1997. “The Value of the 
World's Ecosystem Services and Natural Capital.” Nature 387: 253–260. 
https://doi.org/10.1038/387253a0. 

Dahl, T. E., and G. J. Allord. 1996. “History of Wetlands in the Con-
terminous United States.” Water‐Supply Paper. U.S. Geological Survey, 
Madison, Wisconsin, USA. https://biotech.law.lsu.edu/blog/History-of- 
Wetlands-in-the-Conterminous-United-States.pdf. 

Danz, N. P., G. J. Niemi, R. R. Regal, et al. 2007. “Integrated Measures of 
Anthropogenic Stress in the U.S. Great Lakes Basin.” Environmental 
Management 39: 631–647. https://doi.org/10.1007/s00267-005-0293-0. 

DeVink, J.‐M., D. Berezanski, and D. Imrie. 2011. “Comments on Brodie 
and Post: Harvest Effort: The Missing Covariate in Analyses of Fur-
bearer Harvest Data.” Population Ecology 53, no. 1: 261–262. https://doi. 
org/10.1007/s10144-010-0241-6. 

Erb, J., and H. R. Perry. 2003. “Muskrats.” In Wild Mammals of North 
America: Biology, Management, and Conservation, edited by G. A. 
Feldhamer, B. C. Thompson, and J. A. Chapman, 311–348. John Hop-
kins University Press. 

Ervin, M. D. 2011. “Population Characteristics and Habitat Selection of 
Muskrats (Ondatra zibethicus) in Response to Water Level Management 
at the Summerberry Marsh Complex, The Pas, Manitoba, Canada.” 
Master of Science thesis. Iowa State University. 

Gara, B., and B. Schumacher. 2015. Intensification of the National 
Wetland Condition Assessment for Ohio: Final Report. Ohio EPA Tech-
nical Report WET/2015‐1. Ohio Environmental Protection Agency, 
Wetland Ecology Group, Division of Surface Water, Columbus, Ohio, 
USA. https://dam.assets.ohio.gov/image/upload/epa.ohio.gov/Portals/ 
35/wetlands/Ohio_Intensification_Final_Report_20151014.pdf. 

Gräler, B., E. Pebesma, and G. Heuvelink. 2016. “Spatio‐Temporal 
Interpolation Using Gstat.” R Journal 8, no. 1: 204–218. https://doi.org/ 
10.32614/RJ-2016-014. 

Hartig, F. 2021. DHARMa: Residual Diagnostics for Hierarchical 
(Multi‐Level/Mixed) Regression Models. R Package Version 0.4.0. 
https://CRAN.Rproject.org/package=DHARMa. 

Hesselbarth, M. H. K., M. Sciaini, K. A. With, K. Wiegand, and 
J. Nowosad. 2019. “Landscapemetrics: An Open‐Source R Tool to Cal-
culate Landscape Metrics.” Ecography 42: 1648–1657. https://doi.org/10. 
1111/ecog.04617. 

Higgins, C., and W. J. Mitsch. 2001. “The Role of Muskrats (Ondatra 
zibethicus) as Ecosystem Engineers in Created Freshwater Marshes.” 
Annual Report Olentangy River Wetland Research Park : 81–86. https:// 
kb.osu.edu/server/api/core/bitstreams/8799b44c-bad9-5f18-bd0c- 
7b325fde67c3/content. 

Hiller, T. L., R. D. Applegate, and M. O'Brien. 2021. “Harvest Man-
agement of Furbearers.” In Harvest of Fish and Wildlife: New Paradigms 
for Sustainable Management. L. Powell and K. Pope, editors, 335–349. 
CRC Press, Boca Raton, Florida, USA. 

Hiller, T. L., B. White, and J. Erb. 2018. “State Management of Furbearing 
Animals.” In State Wildlife Conservation and Management. T. J. Ryder, 
editor, 116–134. Johns Hopkins University Press, Baltimore, Maryland, USA. 

Huntington, J., K. Hegewisch, B. Daudert, et al. 2017. “Climate Engine: 
Cloud Computing and Visualization of Climate and Remote Sensing 
Data for Advanced Natural Resource Monitoring and Process Under-
standing.” Bulletin of the American Meteorological Society 98, no. 11: 
2397–2410. https://doi.org/10.1175/BAMS-D-15-00324.1. 

Kaminski, R. M., and H. H. Prince. 1981. “Dabbling Duck and Aquatic 
Macroinvertebrate Responses to Manipulated Wetland Habitat.” 
Journal of Wildlife Management 45, no. 1: 1–15. 

9 Wildlife Letters, 2026 

 28325869, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/w

ll2.70044, W
iley O

nline L
ibrary on [02/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.59438/BMJV5290
https://doi.org/10.59438/BMJV5290
https://doi.org/10.1638/2020-0108
https://doi.org/10.1638/2020-0108
https://doi.org/10.1002/joc.3413
https://doi.org/10.1371/journal.pone.0135036
https://doi.org/10.1371/journal.pone.0135036
https://doi.org/10.1002/jwmg.21328
https://doi.org/10.1002/wsb.696
https://doi.org/10.1139/cjz-2020-0296
https://doi.org/10.1139/cjz-2020-0296
https://doi.org/10.1645/19-126
https://doi.org/10.1645/19-126
https://www.fishwildlife.org/afwa-inspires/furbearer-management
https://www.fishwildlife.org/afwa-inspires/furbearer-management
https://doi.org/10.2307/1374798
https://doi.org/10.1111/mam.12218
https://www.pca.state.mn.us/sites/default/files/wq-bwm1-11.pdf
https://doi.org/10.1139/z93-228
https://doi.org/10.1139/z93-228
https://doi.org/10.1038/387253a0
https://biotech.law.lsu.edu/blog/History-of-Wetlands-in-the-Conterminous-United-States.pdf
https://biotech.law.lsu.edu/blog/History-of-Wetlands-in-the-Conterminous-United-States.pdf
https://doi.org/10.1007/s00267-005-0293-0
https://doi.org/10.1007/s10144-010-0241-6
https://doi.org/10.1007/s10144-010-0241-6
https://dam.assets.ohio.gov/image/upload/epa.ohio.gov/Portals/35/wetlands/Ohio_Intensification_Final_Report_20151014.pdf
https://dam.assets.ohio.gov/image/upload/epa.ohio.gov/Portals/35/wetlands/Ohio_Intensification_Final_Report_20151014.pdf
https://doi.org/10.32614/RJ-2016-014
https://doi.org/10.32614/RJ-2016-014
https://CRAN.Rproject.org/package=DHARMa
https://doi.org/10.1111/ecog.04617
https://doi.org/10.1111/ecog.04617
https://kb.osu.edu/server/api/core/bitstreams/8799b44c-bad9-5f18-bd0c-7b325fde67c3/content
https://kb.osu.edu/server/api/core/bitstreams/8799b44c-bad9-5f18-bd0c-7b325fde67c3/content
https://kb.osu.edu/server/api/core/bitstreams/8799b44c-bad9-5f18-bd0c-7b325fde67c3/content
https://doi.org/10.1175/BAMS-D-15-00324.1


Kinler, Q. J., R. H. Chabreck, N. W. Kinler, and R. G. Linscombe. 1990. 
“Effect of Tidal Flooding on Mortality of Juvenile Muskrats.” Estuaries 
13: 337–340. https://doi.org/10.2307/1351925. 

Kua, Z. X., J. C. Stella, and J. M. Farrell. 2020. “Local Disturbance by 
Muskrat, an Ecosystem Engineer, Enhances Plant Diversity in 
Regionally‐Altered Wetlands.” Ecosphere 11, no. 10: e03256. https://doi. 
org/10.1002/ecs2.3256. 

Landholt, L. M., and H. H. Genoways. 2000. “Population Trends in 
Furbearers in Nebraska.” Transactions of the Nebraska Academy of 
Sciences and Affiliated Societies 26: 97–110. https://digitalcommons.unl. 
edu/tnas/54/. 

Magee, T. K., K. A. Blocksom, and M. S. Fennessy. 2019. “A National‐ 
Scale Vegetation Multimetric Index (VMMI) as an Indicator of Wetland 
Condition Across the Conterminous United States.” Supplement, 
Environmental Monitoring and Assessment 191, no. S1: 322. https://doi. 
org/10.1007/s10661-019-7324-4. 

McKelvey, K. S., E. C. Loforth, J. P. Copeland, K. B. Aubry, and 
A. J. Magoun. 2011. “Comments on Brodie and Post: Climate‐Driven 
Declines in Wolverine Populations: Causal Connection or Spurious 
Correlation?” Population Ecology 53: 263–266. https://doi.org/10.1007/ 
s10144-010-0242-5. 

Melillo, J. M., T. C. Richmond, and G. W. Yohe, eds. 2014. Climate 
Change Impacts in the United States: The Third National Climate 
Assessment. U.S. Global Change Research Program. https://doi.org/10. 
7930/J0Z31WJ2. 

Michigan Department of Natural Resources. 2025. “Wildlife Publica-
tions, Small Game and Furbearer.” http://michigan.gov/dnr/managing- 
resources/wildlife/wildlife-publications. 

Midwest Regional Climate Center. 2026. “State and Climate Division 
Data, Snapshot.” https://mrcc.purdue.edu/newclimate/state-divisional/ 
snapshot. 

Minnesota Department of Natural Resources. 2025. Trapping and Fur-
bearers, Fur Harvest Reports. https://www.dnr.state.mn.us/hunting/ 
trapping/index.html. 

Mitch, W., and J. Gosselink. 2007. Wetlands. John Wiley and Sons. 

Multi‐Resolution Land Characteristics Consortium. 2021. “National Land 
Cover Database Land Cover (CONUS).” http://www.mrcl.gov/data/. 

Nelson, J. W., and J. A. Kadlec. 1984. “A Conceptual Approach to 
Relating Habitat Structure and Macroinvertebrate Production in 
Freshwater Wetlands.” Transactions of the North American Wildlife and 
Natural Resources Conference 49: 262–270. https://wildlifemanagement. 
institute/conference/transactions/1984. 

Novak, M., M. E. Obbard, J. G. Jones, et al. 1987. Furbearer Harvests in 
North America, 1600–1984. Ministry of Natural Resources. 

Nummi, P., V.‐M. Vaananen, and J. Malinen. 2006. “Alien Grazing: 
Indirect Effects of Muskrats on Invertebrates.” Biological Invasions 8: 
993–999. https://doi.org/10.1007/s10530-005-1197-x. 

Ohio Department of Natural Resources. 2016. WUPR20 Final Report: 
Influence of Diseases, Toxins, and Contaminants on Declining Muskrat 
Populations. Ohio Department of Natural Resources. 

Ohio Department of Natural Resources. 2025. Wildlife and Habitat 
Management Information, Research, and Reports. https://ohiodnr.gov/ 
discover-and-learn/safety-conservation/about-ODNR/wildlife/ 
documents-publications/wildlife-management-documents. 

Omernik, J. M., and G. E. Griffith. 2014. “Ecoregions of the Conter-
minous United States: Evolution of a Hierarchical Spatial Framework.” 
Environmental Management 54: 1249–1266. https://doi.org/10.1007/ 
s00267-014-0364-1. 

Pebesma, E. J. 2004. “Multivariable Geostatistics in S: The gstat Pack-
age.” Computers and Geosciences 30, no. 7: 683–691. https://doi.org/10. 
1016/j.cageo.2004.03.012. 

Piha, H., M. Luoto, M. Piha, and J. Merilä. 2007. “Anuran Abundance 
and Persistence in Agricultural Landscapes During a Climatic Ex-
treme.” Global Change Biology 13, no. 1: 300–311. https://doi.org/10. 
1111/j.1365-2486.2006.01276.x. 

PRISM Climate Group. 2021. “PRISM Climate Data.” http://www. 
prism.oregonstate.edu/. 

R Core Team. 2025. R: A Language for Statistical Computing. R Foun-
dation for Statistical Computing, Vienna, Austria. https://www.r- 
project.org/. 

Roberts, N. M., and S. M. Crimmins. 2010. “Do Trends in Muskrat 
Harvest Indicate Widespread Population Declines?” Northeastern 
Naturalist 17, no. 2: 229–238. https://doi.org/10.1656/045.017.0206. 

Sadowski, C., and J. Bowman. 2021. “Historical Surveys Reveal a Long‐ 
Term Decline in Muskrat Populations.” Ecology and Evolution 11, no. 
12: 7557–7568. https://doi.org/10.1002/ece3.7588. 

Schielzeth, H. 2010. “Simple Means to Improve the Interpretability of 
Regression Coefficients.” Methods in Ecology and Evolution 1, no. 2: 
103–113. https://doi.org/10.1111/j.2041-210X.2010.00012.x. 

Sheskin, D. J. 2007. Handbook of Parametric and Nonparametric 
Statistical Procedures, 4th ed. Chapman and Hall/CRC. 

Smirnov, V. V., and K. Tretyakov. 1998. “Changes in Aquatic Plant 
Communities on the Island of Valaam Due to Invasion by the Muskrat 
Ondatra zibethicus L. (Rodentia, Mammalia).” Biodiversity and 
Conservation 7: 673–690. https://doi.org/10.1023/A:1008860603166. 

Straka, J. R., A. Antoine, R. Bruno, et al. 2018. “‘We Used to Say Rats 
Fell From the Sky After a Flood:’ Temporary Recovery of Muskrats 
Following Ice Jams in the Peace‐Athabasca Delta.” Arctic 71, no. 2: 
218–228. https://doi.org/10.14430/arctic4714. 

de Szalay, F. A., and W. Cassidy. 2001. “Effects of Muskrat (Ondatra 
zibethicus) Lodge Construction on Invertebrate Communities in a Great 
Lakes Coastal Wetland.” American Midland Naturalist 146: 300–310. 
https://doi.org/10.1674/0003-0031(2001)146[0300:EOMOZL]2.0.CO;2. 

Toner, J. A. 2006. “Muskrat House Abundance and Cattail Use in Upper 
St. Lawrence River Tributary Wetlands: Modeling the Effects of Water 
Level Regulation.” Master of Science thesis, State University of New 
York, Syracuse, New York, USA. https://experts.esf.edu/esploro/ 
outputs/graduate/Muskrat-house-abundance-and-cattail-use/ 
99890075304826. 

U.S. Bureau of Labor Statistics. 2021. “Databases, Tables, & Calculators 
by Subject.” http://www.bls.gov/data/. 

U.S. Energy Information Administration. 2021. “Independent Statis-
tics & Analysis.” http://www.eia.gov/. 

U.S. Environmental Protection Agency. 2024a. National Wetland Con-
dition Assessment: 2011 Results. U.S. Environmental Protection Agency. 
https://www.epa.gov/national-aquatic-resource-surveys/national- 
wetland-condition-assessment-2011-results. 

U.S. Environmental Protection Agency. 2024b. National Wetland Con-
dition Assessment: 2016 Results. U.S. Environmental Protection Agency. 
https://www.epa.gov/national-aquatic-resource-surveys/national- 
wetland-condition-assessment-2016-results. 

U.S. Fish and Wildlife Service. 2021. “National Wetland Inventory.” 
https://www.fws.gov/wetlands/. 

U.S. Geological Survey. 2026. “Highest and Lowest Elevations.” https:// 
www.usgs.gov/educational-resources/highest-and-lowest-elevations. 

Ward, E. J., and S. M. Gorelick. 2018. “Drying Drives Declines in 
Muskrat Population in the Peace‐Athabasca Delta, Canada.” 
Environmental Research Letters 13: 124026. https://doi.org/10.1088/ 
1748-9326/aaf0ec. 

Ward, E. M., K. A. Solari, A. Varudkar, S. M. Gorelick, and E. A. Hadly. 
2021. “Muskrats as a Bellwether of a Drying Delta.” Communications 
Biology 4: 750. https://doi.org/10.1038/s42003-021-02288-7. 

10 Wildlife Letters, 2026 

 28325869, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/w

ll2.70044, W
iley O

nline L
ibrary on [02/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.2307/1351925
https://doi.org/10.1002/ecs2.3256
https://doi.org/10.1002/ecs2.3256
https://digitalcommons.unl.edu/tnas/54/
https://digitalcommons.unl.edu/tnas/54/
https://doi.org/10.1007/s10661-019-7324-4
https://doi.org/10.1007/s10661-019-7324-4
https://doi.org/10.1007/s10144-010-0242-5
https://doi.org/10.1007/s10144-010-0242-5
https://doi.org/10.7930/J0Z31WJ2
https://doi.org/10.7930/J0Z31WJ2
http://michigan.gov/dnr/managing-resources/wildlife/wildlife-publications
http://michigan.gov/dnr/managing-resources/wildlife/wildlife-publications
https://mrcc.purdue.edu/newclimate/state-divisional/snapshot
https://mrcc.purdue.edu/newclimate/state-divisional/snapshot
https://www.dnr.state.mn.us/hunting/trapping/index.html
https://www.dnr.state.mn.us/hunting/trapping/index.html
http://www.mrcl.gov/data/
https://wildlifemanagement.institute/conference/transactions/1984
https://wildlifemanagement.institute/conference/transactions/1984
https://doi.org/10.1007/s10530-005-1197-x
https://ohiodnr.gov/discover-and-learn/safety-conservation/about-ODNR/wildlife/documents-publications/wildlife-management-documents
https://ohiodnr.gov/discover-and-learn/safety-conservation/about-ODNR/wildlife/documents-publications/wildlife-management-documents
https://ohiodnr.gov/discover-and-learn/safety-conservation/about-ODNR/wildlife/documents-publications/wildlife-management-documents
https://doi.org/10.1007/s00267-014-0364-1
https://doi.org/10.1007/s00267-014-0364-1
https://doi.org/10.1016/j.cageo.2004.03.012
https://doi.org/10.1016/j.cageo.2004.03.012
https://doi.org/10.1111/j.1365-2486.2006.01276.x
https://doi.org/10.1111/j.1365-2486.2006.01276.x
http://www.prism.oregonstate.edu/
http://www.prism.oregonstate.edu/
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1656/045.017.0206
https://doi.org/10.1002/ece3.7588
https://doi.org/10.1111/j.2041-210X.2010.00012.x
https://doi.org/10.1023/A:1008860603166
https://doi.org/10.14430/arctic4714
https://doi.org/10.1674/0003-0031(2001)146%5B0300:EOMOZL%5D2.0.CO;2
https://experts.esf.edu/esploro/outputs/graduate/Muskrat-house-abundance-and-cattail-use/99890075304826
https://experts.esf.edu/esploro/outputs/graduate/Muskrat-house-abundance-and-cattail-use/99890075304826
https://experts.esf.edu/esploro/outputs/graduate/Muskrat-house-abundance-and-cattail-use/99890075304826
http://www.bls.gov/data/
http://www.eia.gov/
https://www.epa.gov/national-aquatic-resource-surveys/national-wetland-condition-assessment-2011-results
https://www.epa.gov/national-aquatic-resource-surveys/national-wetland-condition-assessment-2011-results
https://www.epa.gov/national-aquatic-resource-surveys/national-wetland-condition-assessment-2016-results
https://www.epa.gov/national-aquatic-resource-surveys/national-wetland-condition-assessment-2016-results
https://www.fws.gov/wetlands/
https://www.usgs.gov/educational-resources/highest-and-lowest-elevations
https://www.usgs.gov/educational-resources/highest-and-lowest-elevations
https://doi.org/10.1088/1748-9326/aaf0ec
https://doi.org/10.1088/1748-9326/aaf0ec
https://doi.org/10.1038/s42003-021-02288-7


White, H. B., T. Decker, M. J. O'Brien, J. F. Organ, and N. M. Roberts. 
2015. “Trapping and Furbearer Management in North American 
Wildlife Conservation.” International Journal of Environmental Studies 
72, no. 5: 756–769. https://doi.org/10.1080/00207233.2015.1019297. 

Wilcox, D. A., and Y. Xie. 2008. “Predicted Effects of Proposed New 
Regulation Plans on Sedge/Grass Meadows of Lake Ontario.” Journal of 
Great Lakes Research 34, no. 4: 745–754. https://doi.org/10.1016/S0380- 
1330(08)71615-0. 

Zedler, J. B., and S. Kercher. 2005. “Wetland Resources: Status, Trends, 
Ecosystem Services, and Restorability.” Annual Review of Environment 
and Resources 30: 39–74. https://doi.org/10.1146/annurev.energy.30. 
050504.144248.  

Supporting Information 

Additional supporting information can be found online in the 
Supporting Information section. 
Supporting File 1: wll270044-sup-0001-SupplementaryFiles_Muskrat1. 
pdf.  

11 Wildlife Letters, 2026 

 28325869, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/w

ll2.70044, W
iley O

nline L
ibrary on [02/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1080/00207233.2015.1019297
https://doi.org/10.1016/S0380-1330(08)71615-0
https://doi.org/10.1016/S0380-1330(08)71615-0
https://doi.org/10.1146/annurev.energy.30.050504.144248
https://doi.org/10.1146/annurev.energy.30.050504.144248

	Using Harvest Data to Assess Factors Influencing Regional Population Declines of Muskrats (Ondatra zibethicus)
	1 Introduction
	1.1 Study Area

	2 Methods
	2.1 Harvest Data
	2.2 County-Level Harvest
	2.3 Site-Level Harvest

	3 Results
	3.1 Harvest Data
	3.2 County-Level Harvest
	3.3 Site-Level Harvest

	4 Discussion
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information




