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Abstract

Semiaquatic mammals are ecologically important to wetlands, but little is known about
the extent of their ecological effects, their distribution patterns in human-influenced land-
scapes, and how morphological patterns vary on a continental scale. Muskrats (Ondatra
zibethicus) and American mink (Neogale vison), a well-known predator of muskrats, co-
occur in wetlands embedded in rapidly changing prairie ecosystems. First, muskrats have
wide-ranging effects on wetland habitats and are sometimes considered ‘keystone species’
or ‘ecosystem engineers.” To evaluate these claims, we conducted a thorough review of
the scientific literature. Of 363 publications, only 6% explicitly considered muskrats to be
ecosystem engineers (n = 9) or keystone species (n = 4). While muskrats have broad effects
on wetland flora and fauna, studies investigating these effects generally occurred over small
spatiotemporal scales and used dissimilar methods and reporting, which limited inference.
On a broader spatial scale, we assessed how local- and landscape-scale variables affect spa-
tial distributions of muskrat and mink. We used detection/non-detection data from 104
isolated wetlands in Kansas, USA, from 2019-2020. Wetland occupancy by muskrats was
best predicted by local variables including higher emergent vegetation diversity, larger wet-
lands, and larger watersheds. Mink wetland occupancy was related to landscape-scale effects
including greater prairie landcover, farther distances to the nearest adjacent wetland, and
less woody vegetation. At the broadest spatial scales, semiaquatic mammals tend to be
larger than terrestrial counterparts — a pattern that may reflect conformity to Bergmann’s
rule. To test Bergmann’s rule for muskrat and American mink, we investigated latitudinal
gradients in size across their native North American distribution. Using museum collections
and data from state wildlife departments (n = 708 muskrat and n = 94 mink), we used
AIC model selection to see if latitude best predicted changes in size for both species. We

found support for Bergmann’s rule in muskrat, but not for mink. While no relationships



between size and latitude were found for male mink, we did find support for the reverse
pattern of Bergmann’s rule in female mink. Collectively, our findings contribute to a better

understanding of semiaquatic mammal ecology across multiple scales.
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Abstract

Semiaquatic mammals are ecologically important to wetlands, but little is known about
the extent of their ecological effects, their distribution patterns in human-influenced land-
scapes, and how morphological patterns vary on a continental scale. Muskrats (Ondatra
zibethicus) and American mink (Neogale vison), a well-known predator of muskrats, co-
occur in wetlands embedded in rapidly changing prairie ecosystems. First, muskrats have
wide-ranging effects on wetland habitats and are sometimes considered ‘keystone species’
or ‘ecosystem engineers.” To evaluate these claims, we conducted a thorough review of
the scientific literature. Of 363 publications, only 6% explicitly considered muskrats to be
ecosystem engineers (n = 9) or keystone species (n = 4). While muskrats have broad effects
on wetland flora and fauna, studies investigating these effects generally occurred over small
spatiotemporal scales and used dissimilar methods and reporting, which limited inference.
On a broader spatial scale, we assessed how local- and landscape-scale variables affect spa-
tial distributions of muskrat and mink. We used detection/non-detection data from 104
isolated wetlands in Kansas, USA, from 2019-2020. Wetland occupancy by muskrats was
best predicted by local variables including higher emergent vegetation diversity, larger wet-
lands, and larger watersheds. Mink wetland occupancy was related to landscape-scale effects
including greater prairie landcover, farther distances to the nearest adjacent wetland, and
less woody vegetation. At the broadest spatial scales, semiaquatic mammals tend to be
larger than terrestrial counterparts — a pattern that may reflect conformity to Bergmann’s
rule. To test Bergmann’s rule for muskrat and American mink, we investigated latitudinal
gradients in size across their native North American distribution. Using museum collections
and data from state wildlife departments (n = 708 muskrat and n = 94 mink), we used
AIC model selection to see if latitude best predicted changes in size for both species. We

found support for Bergmann’s rule in muskrat, but not for mink. While no relationships



between size and latitude were found for male mink, we did find support for the reverse
pattern of Bergmann’s rule in female mink. Collectively, our findings contribute to a better

understanding of semiaquatic mammal ecology across multiple scales.
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Chapter 1

How do muskrats Ondatra zibethicus
affect ecosystems? A review of

evidence

Muskrats Ondatra zibethicus are reported to have wide-ranging effects on wetland habitats,
sometimes earning them the labels ‘keystone species’ or ‘ecosystem engineers’. We conducted
an extensive review of the scientific literature and evaluated evidence for muskrats as po-
tential keystone species or ecosystem engineers, and more generally, their known impacts on
wetland ecosystems. We identified 363 publications (peer-reviewed articles, books, theses,
and reports) regarding muskrats, 202 of which were in an ecological context. Only 6% (n =
13) of these explicitly considered muskrats as ecosystem engineers (n = 9) or keystone species
(n = 4). Our review found that muskrat populations may have broad effects on both wet-
land flora and fauna. However, studies generally occurred over small spatiotemporal scales
and used dissimilar methods and reporting, which limited our inference regarding muskrats’
influence on wetland ecosystems. Research explicitly identifying muskrats as ecosystem en-
gineers or keystone species is limited, but published evidence suggests that muskrats may
influence plant species diversity and habitat heterogeneity, which in turn may influence other

animal species. However, long-term and experimental research is needed to uncover impacts



that muskrats have on ecosystems.

1.1 Introduction

Muskrats (Ondatra zibethicus) are ecologically and economically important semi-aquatic
mammals whose populations appear to be declining throughout their native range in North
America (Roberts and Crimmins 2010, Ahlers and Heske 2017, Greenhorn et al. 2017,
Gregory et al. 2019). They are also an invasive species in Europe, South America and Asia
(Anderson et al. 2006, Xu et al. 2006). Various authors have suggested that muskrats
are keystone species (Danell 1996, Nummi et al. 2006, Law 2014, Brunke et al. 2017) or
ecosystem engineers (Toner et al. 2010, Mott et al. 2013, Bridgewater and Arico 2016,
Greenhorn et al. 2017, etc.). Terminology can have significant conservation implications
(Fischer et al. 2015), so it is important to avoid imprecise or misleading jargon. To our
knowledge, there has not been a comprehensive review assessing ecosystem-level impacts
that muskrats have on wetland ecosystems in their native and non-native geographic ranges.

The keystone species concept refers to impacts a species can have on an ecosystem (Paine
1966, 1969). While the concept originally described effects of a predator on prey populations
(Paine 1966, 1969), ecologists expanded the ideas to include other important trophic roles,
including top-down influences of herbivory (Williams 1980) and bottom-up influences of
producers (Young 1980) and primary consumers (Buren et al. 2014). Inanimate objects
(e.g. driftwood) that have disproportionately large impacts on an ecosystem (Young 1980)
and communities of organisms that collectively change major aspects of their ecosystem
(Hermosillo-Ntfiez et al. 2018) could also have a keystone effect. Some studies suggest a
more fluid approach to categorizing species’ impacts on their environment in favor of the
keystone concept (Mills et al. 1993), prompting efforts to refine the concept to emphasize
the proportional strength of species’ impacts on other species (Power et al. 1996). Under
revised definition, a keystone species must have a disproportionally large impact on its
ecosystem relative to its abundance (Power et al. 1996, Davic 2003, Davidson et al. 2012).

We define keystone species after Davic (2003), as a species that has a “top-down effect on



species diversity and competition [that] is large relative to its biomass dominance within a
functional group.”

Ecosystem engineers are organisms that change or modify their ecosystem directly (Jones
et al. 1994, Gutiérrez et al. 2014), eliciting a physical change to structure and function of
an ecosystem (Gutiérrez et al. 2014). Jones et al. (1994) identified two types of ecological
engineer: (1) autogenic engineers that modify ecosystems through their own living or dead
tissues (e.g. accumulating bog moss, trees via leaf litter deposition, coral reef via growth),
and (2) allogenic engineers that change ecosystems by actively moving materials (animate or
inanimate). Examples of the latter include sea otter Enhydra lutris predation that increases
community diversity (Singh et al. 2013), black-tailed prairie dog Cynomys ludovicianus
disturbance in plant communities (Connell et al. 2018), and beaver Castor canadensis and
Castor fiber dams that alter water catchments (Rozhkova-Timina et al. 2018). In terms of
cause and effect, ecosystem engineers create a structural change to the environment, which
in turn influences abiotic and biotic changes in systems (Jones et al. 2010). The impact of
ecosystem engineers must be lasting, rather than brief and/or easily reversible (Jones 2012,
Raynaud et al. 2013). Predation and herbivory can be examples of ecosystem engineering, if
their effects have a broad, lasting impact on ecosystem function (Davic 2003, Sanders et al.
2014, Parsons et al. 2016), but they are not usually good examples of ecosystem engineering
(Dickman 1999).

Early definitions of keystone species applied only to native species (Paine 1969). Keystone
or ‘foundation’ species have a positive influence on their ecosystems (Paine 1969, Dodson
1970, Dayton 1972, Soran et al. 1997, etc.). Therefore, ecologists should not consider
invasive, non-native species as keystone, because of their detrimental impacts on ecosystems
(Nunez and Simberloff 2005). In contrast to keystone species, ecosystem engineers can have
positive or negative impacts on their ecosystem, even as invasive species (Cuddington and
Hastings 2004, Gutiérrez et al. 2014, Guy-Haim et al. 2018). At the conception of the
‘ecosystem engineer’ model, Jones et al. (1994) was the first to categorize a semi-aquatic
mammal (the North American beaver Castor canadensis) as both an ecosystem engineer

and a keystone species. Beavers are now widely accepted examples of ecosystem engineers



(Naiman et al. 1988, Rosell et al. 2005, Rozhkova-Timina et al. 2018). Other rodents,
including rats Ratus spp. and nutria Myocastor coypus have occasionally been mentioned as
ecosystem engineers (Simberloff 2009).

Few studies were focused on muskrat ecology prior to 1940 (but see Bailey 1937, Errington
1939), and early seminal work regarding muskrat ecology (e.g., Errington 1939, 1943, 1951,
Errington et al. 1963) occurred before formalization of keystone species and ecosystem
engineering concepts. Perry (1998) anecdotally concluded that muskrats were recognized as
“Indisputably the most obvious and probably most ecologically significant [mammal] in the
emergent wetland.”

In this review, we assess the published scientific evidence for muskrats’ impacts on wet-
land ecosystems and their potential as keystone species and ecosystem engineers. Our ob-
jectives were to conduct a comprehensive review of the scientific literature to assess reported
effects that muskrats have on wetland ecosystems. Additionally, we investigated support in
the literature for muskrats as ecosystem engineers or keystone species in their native and

non-native ranges.

1.2 Methods

We conducted two systematic searches of scientific literature regarding muskrats, by using
Web of Science and Google Scholar online databases. For historical context and summary
information about impacts of muskrats on ecosystems, we also referenced books in our ex-
tensive personal collections of muskrat literature and at Kansas State University libraries.
We also included articles and books cited in other publications and not directly revealed by
our formal searches.

Paine (1969) coined the term ‘keystone species’ and introduced the concept in 1969,
so our search did not precede that year. We used keywords relevant to muskrat ecology,
particularly those pertaining to their role as ecosystem engineers and keystone species. We
included 10 search criteria: “Ondatra zibethicus keystone species,” “Ondatra zibethicus

ecosystem engineer,” “Ondatra zibethicus ecology,” “Muskrat keystone species,” “Muskrat



ecosystem engineer,” “Muskrat ecology,” “Semi-aquatic mammal keystone species,” “Semi-

)

aquatic mammal ecosystem engineer,” “Semi-aquatic mammal ecology,” and “muskrat.”

We used the term “ecology” to broaden our search into articles that could assert muskrats
as either keystone species or ecosystem engineers but did not mention it explicitly. We
used the phrase “semi-aquatic mammal” to search for other potential examples of keystone
engineers that may be ecologically similar to muskrats (e.g., beavers, nutria). We categorized
relevant articles as mentioning muskrat ecology with or without using the terms “ecosystem
engineer” or “keystone species.” Because we wanted to be as inclusive as possible in our last
search, we only included the keyword “muskrat” in our online query. We assessed all articles
that explicitly mentioned muskrats in some capacity, regardless of the focus of the article.
We omitted articles that were irrelevant to this review (e.g., studies discussing rodent genes
that bear the name “muskrat” without discussing muskrats on an organismal level). We
omitted results only focusing on muskrats in allegorical, cultural, or poetic contexts. Broader,
density-independent implications of the ‘cultural keystone species concept’ (Garibaldi and
Turner 2004, Nuniez and Simberloff 2004), to which muskrats are easily applied (Turner et
al. 2018), were not assessed in this review.

Non-English-speaking countries have populations of non-native muskrats, so it is likely
that some publications relevant to this review are in other languages. We attempted to
include these publications in our review but, because our literature searches were in English,
we probably underrepresented other languages. Our use of the scientific name of the muskrat
may help to mitigate some of this potential bias. Our initial objectives were to use robust
statistical analyses to describe patterns in the published literature; however, the surprisingly
limited information regarding muskrats’ impacts on ecosystems (see Results) necessitated

only qualitative comparisons.



1.3 Results and Discussion

1.3.1 Identification of Muskrats as Keystone Species or Ecosystem
Engineers

We identified 363 peer-reviewed journal articles (92%, n = 334), books (4%, n = 13), theses
(3%, n = 10), and reports (2%, n = 6) for this review (Appendix A). Fifty-six percent (n
= 202) were in the context of ecology, 20% (n = 74) were focused on physiology and cell
biology (e.g., DNA, hormones, metabolism, etc.), 13% (n = 49) were focused on disease (e.g.
muskrat parasites), 9% (n = 31) were focused on wildlife management, and 2% (n = 7) were
focused on paleontology and evolution. Forty percent (n = 147) were focused on muskrats as
their primary subject. Only 4% (n = 13) of publications (7 articles, 3 theses, 2 books, and
1 report) explicitly considered muskrats as ecosystem engineers (n = 9) or keystone species
(n = 4; Fig. 1).

Of 202 publications mentioning muskrats in an ecological context, 87% (n = 176) were
articles, 6% (n = 13) were book chapters, 5% (n = 10) were theses, and 1% (n = 3) were
reports. The percentage of publications mentioning muskrats as keystone species or ecosys-
tem engineers was slightly higher for a strictly ecological context (6%, n = 13) than for all
contexts together (4%, n = 13). However, 44% (n = 4) of publications mentioning muskrats
as keystone species or ecosystem engineers in an ecological context did not overtly focus on
muskrats, and 33% (n = 3) were in the context of muskrats as non-native species. Alto-
gether, 76% (n = 153) of publications in an ecological context considered muskrats as native
species, while 24% (n = 49) considered muskrats as non-native species (Fig. 2).

Almost all studies investigating muskrats’ impact on ecosystems were correlative, oc-
curred over small spatiotemporal scales, and were difficult to compare due to their use of
various research methods. Because of these issues, making robust inferences about the ef-
fects of muskrat populations on wetland ecosystems is challenging. The number of ecology
publications that mention muskrats as keystone species or ecosystem engineers since these

terms were formalized is moderate (4%; n = 9). Additionally, muskrats were described as



ecosystem engineers or keystone species in a smaller percentage of journal articles than of
books and theses (Fig. 1). The rigorous review process for journal articles may explain why
authors are less likely to claim keystone species or ecosystem engineer status for muskrats
in those publications. Most studies did not suggest muskrats were ecosystem engineers or
keystone species.

Three of four publications describing muskrats as keystone species were in the context of
invasive species (Danell 1996, Nummi et al. 2006, Law 2014). However, the keystone species
concept does not apply well to non-native species (Paine 1969), precluding these examples
from our specific definition. A physical alteration to ecosystems by non-native species could
be a result of ecosystem engineering (Cuddington and Hastings 2004, Gutiérrez et al. 2014,
Guy-Haim et al. 2018), but not by a keystone species. However, authors were more likely
to apply both keystone species and ecosystem engineer concepts where muskrats are native

(Fig. 2).

1.3.2 Effects on Plant Communities

Because wetland plants are their primary source of food, muskrats are associated with high
densities of vegetation (Lacki et al. 1990, Wlosinski and Wlosinski 1998, Larreur et al.
2019). The most-established effect that muskrats have on their habitat is removal of emer-
gent vegetation via herbivory and hut construction (Connors et al. 2000, Higgins and Mitsch
2001, Farrell et al. 2010). Muskrat presence resulted in a significant reduction in vegetation
biomass in a freshwater tidal marsh associated with New York’s Hudson River (Connors et
al. 2000). Higgins and Mitsch (2001) observed similar reductions in biomass for artificial, ex-
perimental wetlands. Under high muskrat population densities, these effects may negatively
affect native plants, causing barren patches called ‘eat-outs’ (Lynch et al. 1947, Dozier et
al. 1948, Visser et al. 2006, Kadlec et al. 2007, Sarneel et al. 2014). This effect is likely to
be stronger in wetlands that no longer have a natural flooding and drying regime (Wesson
1977, van der Valk and Davis 1978, Proulx and Gilbert 1983). Muskrats introduced to areas

outside of their native ranges can have a negative impact on native plant species (Sarneel et



al. 2011, Vermaat et al. 2016) by reducing native plant diversity (Smirnov and Tretyakov
1998).

When muskrat population levels are stable, herbivory from muskrats decreases compe-
tition from dominant plant species and increases overall plant species richness (Penfound
and Hathaway 1938, Kangas and Hannan 1985, Hewitt and Miyanishi 1997). Hewitt and
Miyanishi (1997) found that wetland disturbances caused by mammals, primarily muskrats,
caused an increase in plant species richness of over 70%. Mean species richness increased
from 1.7 to 2.9 in pathways (Hewitt and Miyanishi 1997). Muskrats can allow establishment
of rare plant species that would otherwise be outcompeted by more abundant species (Tyn-
dall 2011). Patterns of plant colonization and ecological succession in eat-outs also increase
species richness in wetlands (van der Valk and Davis 1978, Batzer et al. 2006). This kind
of top-down selective consumption is a classic keystone species effect (Paine 1969). Regard-
ing changes in plant species richness, several studies have considered muskrats as keystone
species (Danell 1996, Nummi et al. 2006, Law 2014) and ecosystem engineers (Toner et al.
2010, Bridgewater and Arico 2016).

All published studies that referred to muskrats as keystone species because of their effects
on plant communities were in the context of muskrats as invasive species (Danell 1996,
Nummi et al. 2006, Law 2014). The original keystone species definition does not include
invasive species (Paine 1969). In a native context, muskrat-mediated changes in vegetation
structure from herbivory are consistent with definitions of keystone species (McMillan et al.
2011) and ecosystem engineers (Prugh and Brashares 2012).

Microbial diversity and soil nutrient cycling also influences wetland plant composition.
Composting piles of vegetation created by muskrats can facilitate nutrient turnover in wet-
lands by increasing microbial diversity (Wainscott et al. 1990, Connors et al. 2000). Connors
et al. (2000) found a significant increase in nitrification and potential nitrogen mineralization
rates in areas with muskrat activity in a New York tidal marsh. Additionally, muskrat bur-
rows aerate wetland soil (Connors et al. 2000, Bollen 2013) and alter nutrient cycling in the
substrate (Fink and Mitsch 2004, Beutel et al. 2014). Effects of composting vegetation can

be examples of ecosystem engineering, provided the effect is comparatively permanent (Jones



2012, Raynaud et al. 2013). Modifications to soil systems and nutrient cycles typically have
long-lasting impacts on wetlands (Pringle et al. 2010, Hagenah and Bennett 2013, Bryce et
al. 2013, Fleming et al. 2014, Gutiérrez et al. 2014), which is consistent with ecosystem
engineering. However, for muskrats, these effects seem to be dependent on muskrat presence
and may diminish over time (Connors et al. 2000). Therefore, when considering nutrient

turnover rates, muskrats are poor examples of ecosystem engineers.

1.3.3 Effects on Animal Communities

By constructing huts and increasing wetland plant disconformity, muskrats increase aquatic
invertebrate species richness (Messier and Virgl 1992, de Szalay and Cassidy 2001). Addi-
tionally, some Hemiquedius beetles (Brunke et al. 2017) and certain aquatic insects, such as
chironomid midges and gammarid scuds (de Szalay and Cassidy 2001, Nummi et al. 2006),
use muskrat huts as a preferred habitat. Nummi et al. (2006) determined that size and
community structure of invertebrates differs significantly throughout successional stages of
vegetation growth following muskrat occupancy. This can have wide-ranging effects on in-
vertebrate predators, including increased fish abundances in adjacent areas (Nummi et al.
2006). Although trophic interactions are not usually good examples of ecosystem engineering
(Dickman 1999), trophic cascades that increase species diversity are an effect of keystone
species (Paine 1969, Dodson 1970, Dayton 1972, Mann and Breen 1972, etc.).

Although muskrats are herbivores, they occasionally consume animals, such as freshwater
bivalves, and this may have a negative impact on rare bivalve species (Owen et al. 2011,
Williamson and Clark 2011, Hersey et al. 2013, Edelman et al. 2015). In some cases,
bivalve predation can have a proportionally large impact on wetland community structure,
but the effects are not long-lasting (Diggins and Stewart 2000, Owen et al. 2011). Selec-
tive consumption of freshwater mussels by muskrats (Tyrrell and Hornbach 1998) could be
considered a keystone-species effect if proportionally significant (Davic 2003, Sanders et al.
2014). However, these effects are density-dependent (Edelman et al. 2015). Additional re-

search is needed to determine if muskrat predation on freshwater mussels is disproportionate



enough to be an example of a keystone species effect.

Many vertebrate species use muskrat huts and burrows (Kiviat 1978). Alaska black-
fish (Dallia pectoralis) and catfish (Ictalurus spp.) are associated with winter activities of
muskrats, because muskrat movements maintain open, well-oxygenated water during win-
ter (Errington 1957, 1961, 1963, Fraley et al. 2018). Smaller fish species, such as east-
ern mudminnow (Umbra pygmaea), use muskrat burrows as refugia (Bean 1903). Muskrat
lodges and burrows can be important for reptile and amphibian habitats in wetlands. Anu-
rans (Anazyrus and Lithobates spp.) use muskrat lodges as hibernacula (Errington 1957,
Schwartz and Schwartz 1959, Errington 1961, Browne and Paszkowski 2010). Many tur-
tle species (Chelydra serpentina, Chrysemys picta, Clemmys guttata, Emydoidea blandingii,
Glyptemys spp., Graptemys pseudogeographica, Kinosternon spp., and Trachemys scripta)
also use muskrat lodges and dens for shelter and as winter hibernacula (Kiviat 1978, Ernst et
al. 1989, Meeks and Ultsch 1990, Ernst et al. 1994, Litzgus et al. 1999, Starking-Szymanski
et al. 2018). Turtles (Chelydra serpentina, Chrysemys picta, Kinosternon subrubrum, Mala-
clemys terrapin, and Sternotherus odoratus) and skinks (Scincella lateralis and Plestiodon
septentrionalis) use muskrat lodges and burrows as nesting sites (Black 1976, Kiviat 1978,
Elsey et al. 2016). Lodges can also serve as basking sites for turtles (Chelydra serpentina,
Chrysemys picta, and Emydoidea blandingii; Conant 1938, Schwartz and Schwartz 1959,
Kiviat 1978, Ernst et al. 1994). It also has been suggested that a Blanding’s turtle (Emy-
doidea blandingii) utilizes muskrat eat-outs as an important habitat (Ernst et al. 1994).
Northern water snakes (Nerodia sipedon), fox snakes (Pantherophis vulpinus), and garter
snakes (Thamnophis spp.) use muskrat lodges and burrows for shelter, basking, and hi-
bernacula (Johnson 1925, Conant 1938, Errington 1943). Extensive use of muskrat lodges
and burrows by reptiles and amphibians may have a proportionally high impact on species
abundances. However, to evaluate these effects quantitatively, further research is necessary.

Birds are probably the most conspicuous beneficiaries of the muskrat’s influence on wet-
lands. Waterfowl (Anatidae), terns (Chlidonias niger and Sterna spp.), pied-billed grebes
(Podilymbus podiceps), and other wetland birds benefit from muskrat huts as nesting sites

(Kiviat 1978, Hickey and Malecki 1997, Ness and Klaver 2016). Muskrat eat-outs and asso-
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ciated changes in vegetation composition provide habitat for herons (Ardeidae), rails (Ralli-
dae), waterfowl (Anatidae), and passerines (Icteridae and Corvidae; Risley 1933, Weller and
Spatcher 1965, Wesson 1977, Kangas and Hannan 1985, Perry 1998, Ness and Klaver 2016).

Shrews (Sorex ssp. and Cryptotis sp.), moles (Condylura cristata), rabbits (Sylvilagus
floridanus), American mink (Neogale vison), polecats (Mustela putorius), striped skunks
(Mephitis mephitis), and a variety of rodents (Rodentia) use muskrat burrows and lodges
for housing (Hamilton 1931, Errington 1943, 1957, Jackson 1961, Kiviat 1978). Muskrats
are an important food source for many mammalian and avian predators, including American
mink (Ahlers et al. 2010, Ahlers et al. 2016, Holland et al. 2018), coyotes (Canis latrans;
Ahlers et al. 2010), wolves (Canis lupus; Chavez and Gese 2005), fisher (Pekania pennanti;
Johnson-Bice et al. 2019), and raptors such as great horned owls (Bubo virginianus; Coefield

et al. 2010) and western marsh harriers ( Circus aeruginosus; Tornberg and Haapala 2013).

1.3.4 The Muskrat as an Invasive Species

As an invasive species, the muskrat’s role as a prey species may have far-reaching ecological
effects (Saveljev et al. 2015, Castillo et al. 2017) and economic impacts (Nentwig et al.
2010). Native predators can benefit from new sources of food (Tornberg and Haapala 2013);
however, the facilitative affect that introduced muskrats have on invasive predators, such
as American mink in South America, can disrupt local food chains (Crego et al. 2016).
Muskrats and North American beavers are sympatric in their native ranges, and muskrats
often use beaver lodges in favour of their own huts (Mott et al. 2013, Crego et al. 2016).
Synergistic impacts of beavers and muskrats can be devastating where they are both invasive
(Valenzuela et al. 2013). Additionally, muskrats compete for resources with native species,
including waterfowl (Poysé et al. 2017). Invasive muskrats may also have a negative impact
on nesting success of some birds (Scofield and Reyes-Arriagada 2013).

The relationship between muskrats and vegetation is similar for both native and invasive
contexts. As in their native range, introduced muskrats can increase plant species diversity

(Heine and van der Velde 1978, Danell 1977). High densities of muskrats can reduce plant
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species richness and abundances (Danell 1979, Sarneel et al. 2011, Vermaat et al. 2016).
However, most studies dealing with the negative impacts of invasive muskrats have been
conducted in restricted ecosystems, such as small wetland patches or islands (Sarneel et
al. 2011, Valenzuela et al. 2013, Vermaat et al. 2016). The effects of muskrats may be
different in environments that are more expansive. Although these impacts are ecologically
significant regardless of muskrat abundances (Vermaat et al. 2016), invasive species should
not be considered to be keystone species (Paine 1969). However, physical alterations to the
environment (e.g. changes in plant species composition) are ecosystem engineering, even in
an invasive context, provided the effects are long-lasting. We recommend further research to
determine the impact of invasive muskrats both spatially and temporally. Future research
should investigate the quantitative impacts of muskrats on ecosystems throughout their non-

native range, to inform potential management strategies.

1.3.5 Density-Mediated Effects

The keystone species concept is density-dependent, but significant ecological effects may
occur from comparatively low population densities (Power et al. 1996, Davic 2003, Davidson
et al. 2012). Eat-outs and other muskrat-mediated changes to the landscape are most obvious
when population numbers are particularly high (Lynch et al. 1947, Dozier et al. 1948, Visser
et al. 2006, Kadlec et al. 2007, Sarneel et al. 2014). Additionally, muskrat populations are
cyclic, responding to predation, food availability, and habitat quality (Errington 1963, Erb
et al. 2001, Viljugrein et al. 2001, Zhang et al. 2003, Brzezinski et al. 2010, Luati and
Proietti 2010). When abundance is relatively low, eat-outs are replaced by ecologically
successive plant species (Penfound and Hathaway 1938, Kangas and Hannan 1985, Hewitt
and Miyanishi 1997). Thus, the relative effects that muskrats can have on wetland structure

and composition, as well as on wetland flora and fauna, may be density dependent.
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1.3.6 Future Research Directions

The muskrat is one of the most economically significant invaders throughout Europe (Nen-
twig et al. 2010) and its effects can be both positive and negative (Heine and van der
Velde 1978, Danell 1996, Bakker and Bos 2019). Muskrats’ effects on ecosystems in their
native range are also complicated. Based on our review, muskrats are unlikely to comply
with strict definitions of ecosystem engineering, and their influence as a keystone species
is tentative. However, many small-scale studies link muskrats correlatively to measurable
or anecdotal changes in wetland ecosystems. The lack of consistent evidence to associate
the effects of muskrats to ecosystem changes underscores the need for long-term experi-
mental investigations. To understand muskrats’ roles in ecosystem changes more fully, we
recommend multi-year replicated experimental studies that are stratified by varying muskrat
population abundances in both their native and non-native ranges. In this way, scale- and

abundance-effects can be measured without bias.

1.4 Conclusions

Studies that provide direct support for muskrats as ecosystem engineers are rare. Only 4% of
scientific publications regarding some aspect of muskrat ecology explicitly suggest that they
are ecosystem engineers or keystone species. There is correlative and anecdotal evidence that
muskrat-induced changes to plant species richness and habitat heterogeneity may conform
to working definitions of keystone species, but, because of the potential time-mediation of
their effects, muskrats probably do not conform to strict definitions of ecosystem engineers.
The influence of muskrats on other animal species’ abundances through lodge, burrow, and
eat-out construction is noted in the scientific literature. However, we recommend further
research on the proportional significance of these effects, as they may apply to keystone
species or ecosystem engineering concepts. We conclude that there is some evidence for top-
down impacts of muskrats on plant diversity, vegetation composition, habitat heterogeneity,

and creation of important habitat for some species. These effects, however, were not consis-
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tent, were correlatively assessed at small spatiotemporal scales, and were unreplicated. To
elucidate density-dependent and scale-dependent effects of muskrat populations on wetland
ecosystems, we recommend experimental investigations in both their native and non-native

ranges.
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Chapter 2

Wetland occupancy by muskrat and
American mink in an agro-prairie

ecosystem

Land-use changes in tallgrass prairie ecosystems are prevalent (e.g., agriculture, woody en-
croachment) resulting in novel landscape mosaics that semiaquatic mammals must navigate
when searching for suitable wetlands. It is unclear, however, how local (e.g., wetland quality)
or landscape-scale effects structure wetland-occupancy patterns by semiaquatic mammals
in these changing ecosystems. Muskrat (Ondatra zibethicus) and American mink (Neogale
vison; hereafter ‘mink’), a well-known model in predator-prey ecology, are semiaquatic mam-
mals that co-occur in wetlands embedded in rapidly changing prairie ecosystems. We used
detection/non-detection data from 104 isolated wetlands in Kansas, USA from 2019-2020 to
assess how local- and landscape-scale effects affected spatial distributions of muskrat and
mink. Wetland occupancy by muskrats was most related to local wetland-quality indices in-
cluding positive associations with emergent vegetation diversity, wetland size, and watershed
size. Conversely, wetland occupancy patterns by mink were related to landscape-scale effects
including positive associations with the amount of prairie landcover surrounding wetlands

(within 5km) and distance to nearest wetland. Mink were also less likely to occupy wetlands
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surrounded by woody vegetation (within 5km).

2.1 Introduction

Tallgrass prairies are reduced to 4% of their historic range in North America, largely due
to agricultural expansion post European colonialism (Samson and Knopf 1994, DeLuca and
Zabinski 2011, Berger et al. 2020). The Flint Hills ecoregion of Kansas and Oklahoma,
USA, represents the largest remaining tract of tallgrass prairie in North America (Knapp
and Seastedt 1986, Middendorf et al. 2009). Dynamic land-use practices continue to af-
fect ecosystems in the Flint Hills, including row-crop production (Hamilton et al. 2000),
overgrazing by cattle (Bos taurus; Hamilton 2007), woody encroachment (Ratajczak et al.
2016), urbanization (Wait et al. 2018), and widespread construction of man-made wetlands
(Keane 2018). Constructed wetlands are usually developed to provide water for cattle ranch-
ing operations (Keane 2018), but also serve as critical habitat for wetland biodiversity in the
region (Knutson et al. 2004, Canals et al. 2011, Johnson 2019, Smith et al. 2021, Swartz and
Miller 2021). Muskrats (Ondatra zibethicus) and American mink (Neogale vison; hereafter
‘mink’) are semiaquatic mammals that occur in isolated prairie wetlands (Marchbanks 1992,
Payne et al. 2001, McDonald 2006, Geluso et al. 2020). It is unclear, however, how wetland
occupancy by both species is affected by land-use changes in these agro-prairie ecosystems.

Muskrats and mink are semiaquatic mammals native to North American and invasive
throughout much of Europe, Asia, and South America (Bonesi and Palazon 2007, Skyriené
and Paulauskas 2012, Crego et al. 2016). Muskrats are generally herbivores and may serve
as keystone species (Bomske and Ahlers 2021), though long-term population declines are
likely occurring across their native range (Roberts and Crimmins 2010, Ahlers and Heske
2017, Sadowski and Bowman 2021). Muskrats generally will not use upland areas and most
movements are restricted to within-water habitats (Ahlers et al. 2010a) though overland
movements are common during dispersal in spring (Errington 1963). Mink are small car-
nivores and key predators of muskrats (Errington 1943, Ahlers et al. 2010b, Ahlers et al.
2016b). Mink generally forage close to water for prey (e.g., crayfish, muskrats, fish), but
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will readily use upland habitats for foraging and dispersal (Gerell 1970, Zschille et al. 2012,
Ahlers et al. 2015). Previous work documented habitat-use patterns by both species in con-
nected riparian systems in agricultural regions (e.g., Cotner and Schooley 2011, Ahlers et al.
2010a, Ahlers et al. 2016b, Holland et al. 2019a,b). In isolated wetland systems, however,
it is less clear how both local-scale wetland quality and landscape composition influences
wetland occupancy patterns by both species.

It is plausible that wetland occupancy patterns by semiaquatic mammals may reflect
island biogeography theory (MacArthur and Wilson 1967) where smaller and/or more iso-
lated wetlands are less likely to be occupied. In regions where wetlands are isolated among a
patchy matrix of landcover types, wetland occupancy by both species may also reflect local
wetland quality, spatial distribution of available wetlands, or surrounding landscape context.
For instance, metapopulations of round-tailed muskrats (Neofiber alleni) depend on habitat
connectivity for colonization and occupancy (Schooley and Branch 2011). Both muskrats
and mink are vulnerable to predation risks in wetlands with low water levels (Errington
1963) and larger, deeper wetlands may provide areas to persist during drought or provide
better habitat quality (e.g., more or consistent prey, less likely to completely freeze, more
shoreline vegetation). Muskrats are more likely to use areas within wetlands with greater
amounts of cattail coverage (Typha spp; Clark 1994, Larreur et al. 2020) and deeper and
more open water (Larreur et al. 2020) — likely choosing these areas based on increased habi-
tat quality. Mink also rely on supplemental resources and are more likely to occupy wetlands
more isolated from permanent water resources (Ahlers et al. 2016b, Holland et al. 2019b)
or based on occurrence of prey species such as muskrats (Ahlers et al. 2016b).

Matrix composition between isolated wetlands may also structure wetland occupancy
patterns by muskrats and mink (Bunn et al. 2000, Giroux-Bougard 2014). Forested land-
cover can act as barriers to muskrat movements (Schooley and Branch 2009, Laurence et
al. 2013, Matykiewicz et al. 2021) and widespread woody encroachment in the Flint Hills
may preclude muskrats from finding wetlands to occupy. It is unclear how row-crop agricul-
ture affects wetland occupancy by both muskrats and mink, though both species experience

greater mortality risks when using these areas (Ahlers et al. 2015). Although muskrats
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and mink have coexisted within prairie-dominated landscapes prior to widespread landscape
changes (Hibbard and Taylor 1960, Paulson 1961, Hibbard 1963), it is unclear how prairie
landcover within the matrix affects wetland occupancy by muskrats and mink.

We used two years of detection/non-detection surveys and stacked, single-season occu-
pancy models to assess local- and landscape-scale factors associated with wetland occupancy
by both muskrats and mink. Consistent with island biogeography theory, we predicted
that smaller, more isolated wetlands would be less likely to be occupied by muskrat and
mink. Because woody encroachment on prairie landscapes reduces available food resources
(shade decreases herbaceous plant diversity; Walton et al. 2021, Swartz and Miller 2021),
we predicted that wetland occupancy by muskrat and mink would be negatively affected by
the amount of forest landcover surrounding wetlands and positively affected by the amount
of prairie landcover surrounding wetlands. Row-crop agriculture may pose greater mortal-
ity risks for muskrat and mink, so we predicted lower occupancy probabilities at wetlands
surrounded by agriculture. We predicted emergent vegetation diversity would positively in-
fluence wetland occupancy by muskrats and mink by directly providing forage for muskrats

and increased foraging opportunities for mink.

2.2 Materials and Methods

2.2.1 Study Area

Our study was conducted in the northern Flint Hills of Kansas, USA (Fig. 1). The Flint
Hills are characterized by shallow, rocky soils over Cambrian and Permian limestone and
flint. Elevation in our study area ranged from 300 — 500 m. During the duration of our
study, monthly precipitation and temperature ranged from 20 — 184 cm (mean 105 cm) and
-14° — 37° C (mean 23° C), respectively. Our study wetlands were created by landowners
as retention ponds for watering cattle and are equipped with a drainage pipe through the
embankment that functions as a spillway to keep water from flowing over and washing out the

embankment following precipitation events. Water is contained with an embankment of soil
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and rocks, usually drawn from pond bed. These man-made wetlands serve as critical habitat
for aquatic and semiaquatic species (Knutson et al. 2004, Canals et al. 2011, Johnson 2019,
Smith et al. 2021, Swartz and Miller 2021) and common aquatic and emergent plants include
spikerush (Eleocharis sp.), milfoil (Myriophyllum sp.), pondweed (Potamogeton sp.), sedges
(Cyperus sp.), arrowhead (Sagittaria sp.), knotweed (Polygonum sp.), cattail ( Typha sp.),
bullrushes (Schoenoplectus sp.), duckweed (Lemna sp.), and mud plantain (Heteranthera
sp.). Upland landcover included grasses (primarily Sorghastrum sp., Schizachyrium sp., and
Andropogon sp.) and forbs (including Solidago sp., Verbena sp., Asclepias sp., and Euphorbia
sp.). Woody vegetation was composed primarily of eastern redcedar (Juniperus virginiana),

smooth sumac (Rhus glabra), and roughleaf dogwood (Cornus drummondii).

2.2.2 Site Selection

We randomly selected 104 wetlands from within an 80-km buffer surrounding Manhattan,
Kansas (Fig. 1). Wetlands were isolated amid a landcover matrix composed of developed,
agricultural, forested, hayed, and native prairie landscapes (Fig. 1). Wetland surface area
ranged from 146 — 25,424 m2 (mean: 2,839 m2) and they were positioned an average of 0.3
km (range = 0.01 — 1.2 km) from the nearest permanent water source (e.g., riparian areas
or other wetlands). Our sampled wetlands were separated by an average of 4.4 km (range =
1 — 15 km).

Wetlands were located on private land, except for two sides on federal military property
(Fort Riley). Landowners were contacted via phone calls and verbal permissions were re-
quested. In cases where a landowner could not be reached over the phone, we visited the

address associated with the number and sought in-person verbal permissions.

2.2.3 Swurvey Design

Two observers conducted detection/non-detection surveys for muskrat and mink at 104 wet-
lands from September through November in 2019 and 2020. Each year, both observers

walked the perimeter of each wetland, moving in opposite directions and searching for sign
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of muskrat (e.g., tracks, scat, clippings, burrows, huts) and mink (e.g., tracks, scat), up to 6
m away from water’s edge. Observers also searched below dam and down spillway up to 12
m. Average survey time per observer was about 30 minutes. Observers used an independent
survey effort during each visit (MacKenzie and Royle 2005) resulting in 2 independent sur-
veys during the first visit to a wetland and 2 independent surveys during the second visit.
We used a removal design approach (MacKenzie et al. 2018) based on presence of muskrats
at wetlands — if muskrats were detected during the first set of surveys during a given year we
did not return to that wetland for additional surveys that year (Ahlers et al. 2016b). This
removal design assumes occupancy status remains constant throughout the sampling season
(closure) and sites occupied during the first survey remain occupied during subsequent sur-
vey occasions within the same season (MacKenzie et al. 2018). Therefore, wetlands were
visited once (if muskrats were detected during first visit) or twice each year. We conducted
both wetland visits within two weeks to ensure population closure each year (MacKenzie
et al. 2018). Our species-specific annual detection histories for each site ranged from 2-4
detection events each year (1 = species detected, 0 = species not detected). Our survey
methods were approved by the Kansas State University Institutional Animal Care and Use
Committee (Approval no. 4074) and consistent with guidelines provided by the American
Society of Mammalogists (Sikes et al. 2016).

2.2.4 Habitat Covariates

We measured local-scale habitat characteristics at each wetland immediately following first
wetland visits each year (Table 1). At each wetland, we established 10-m transects at 6-m
intervals along the wetland shoreline. Each transect ran perpendicular to the shoreline, be-
ginning 2 meters from shore in the wetland and ending 8 meters away from the wetland.
Number of transects varied depending on the length of wetland shoreline and averaged 3
transects (range = 1 — 8) per wetland. We measured habitat characteristics with a 1x1 m
Daubenmire frame, at five evenly spaced intervals along each transect. At each sampling

interval along transects, we estimated proportion cover of woody vegetation (Wood), num-

22



ber of wetland plant species (range = 0 — 7), and proportion of vegetation cover (wetland
and terrestrial species). From the proportion of wetland plant species at each wetland, we
calculated the diversity of vegetation community using a Shannon Diversity Index (SHDI).
We estimated water depths (average depth = 3.3 m, range = 0.5 — 10 m), averaged from
five casts of an iBobber®) (ReelSonar: Seattle, Washington) from a fishing rod. Three casts
were from the dam face (usually deepest part of wetland) and two casts were from shorelines
perpendicular to dam. For each wetland, we averaged measurements across all transects
to obtain a single site-level covariate for each habitat variable. Wetland surface area was
obtained from the National Hydrography Dataset (NHD 2021), which includes manmade
wetlands. Independent measures of wetland surface area and wetland depth are both sur-
rogates of available habitat for semiaquatic mammals. We used a Principal Components
Analysis (PCA) with an orthogonal (varimax) rotation to combine wetland surface area and
depth into a composite variable representing wetland size (Size) using the first eigenvector
which explained 72% of variance.

We used QGIS 3.16 (QGIS 2021) to extract landscape-scale covariates (Table 1) from
National Land Cover Dataset (30 m raster; NLCD 2019). We measured proportional land-
cover classes (Prairie, Agriculture, and Forest) within a 5-km circular buffer surrounding
each wetland (Fig. 1). We also considered alternative buffer scales (0.5 km, 1 km, 2 km)
and extracted landcover metrics from these. All landscape metrics, however, were correlated
across all scales so we moved forward with a 5 km buffer to best reflect potential broad-scale
landcover effects on muskrat and mink wetland occupancy patterns. In addition to pro-
portion of landcover classes for each wetland, we also measured watershed size (Watershed;
amount of land area [ha] drained specific to individual wetlands) and Euclidean distance
(Distance) to nearest wetland. Although developed land (e.g., urban areas, roads) was ini-
tially considered potentially important, it represented only a small proportion (0.04) of total
landcover surrounding our study wetlands. Landcover variables ‘Agriculture’ and ‘Prairie’
were negatively correlated (r = -0.93) so we did not include these two variables in the same

model.
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2.2.5 Occupancy Analysis

We used single-species, single season occupancy models (Program PRESENCE Version
2.13.10) to estimate wetland occupancy probabilities by both muskrat and mink. We used
a single-season stacked occupancy modeling approach (e.g., Fuller et al. 2016, Asad et al.
2020), rather than a multiseason approach, because we observed too few local colonization
and extinction events between years to model colonization and persistence rates (see Results).
We considered four factors which may have affected our ability to detect both muskrat and
mink at wetlands. To account for differences in survey effort or ability between observers
(Observer), we selected a baseline observer (CB) to compare detection probabilities across
three remaining observers. We also controlled for survey date (Date) and amount of total
rain (cm) 7-days prior to each survey (Precipitation). We obtained rainfall data from US
Climate Data (2021) website, from Manhattan, Kansas, weather station. We also modeled
‘Year’ as a dummy variable for each survey year, where 0 = 2019 and 1 = 2020, to account for
unmodeled variation in detection between years (Fuller et al. 2016). Using both single and
additive effects, we considered 16 models of detection along with an intercept-only model
(null; Supplementary Data SD1) for muskrat and mink. For each species, we considered
both local- and landscape-scale effects that had potential to affect wetland occupancy. We
constructed a candidate set of occupancy models using both single and additive effects of our
measured covariates along with an intercept-only model (null; Supplementary Data SD1).
We did not include ‘Agriculture’ and ‘Prairie’ in the same models because of multicollinearity
issues (r = -0.93).

We used a sequential-by-sub model strategy where we chose the most-supported detection
model to include in all models within our candidate set of occupancy models (Morin et al.
2020). Models for each parameter were ranked using Akaike’s Information Criterion corrected
for small sample sizes (AICc). Models with a AAICc < 2 were considered competitive. When
selecting for a best fit-model for both detection and occupancy, we used an information-

theoretic approach (Burnham and Anderson 2002, Arnold 2010).
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2.3 Results

We surveyed 101 sites in 2019 and 92 sites in 2020. We detected muskrats at 27% (n =
27) of surveyed wetlands in 2019 and 21% (n = 19) in 2020. We detected mink at 33%
(n = 33) of surveyed wetlands in 2019 and 37% (n = 34) in 2020. Naive occupancy was
0.24 for muskrat and 0.35 for mink. Modeled detection probability was 0.60 (SE = 0.22)
and corrected occupancy probability was 0.24 (SE = 0.20) for muskrat. Modeled detection
probability was 0.39 (SE = 0.30) and corrected occupancy probability was 0.43 (SE = 0.14)

for mink.

2.3.1 Muskrat Occupancy

Our top muskrat detection models included Observer (Obsl: = -1.66, SE = 0.53, Obs2:
p = -0.92, SE = 0.62, Obs3: § = -0.77, SE = 0.67) and Date (8 = 0.01, SE = 0.001).
Competitive detection models (Table 2.2) included Year and Precipitation, but model fit
was not improved. This is consistent with previous studies that demonstrate the importance
of observer (Crockett et al. 2024) and date (Cotner and Schooley 2011, Holland et al. 2019)
in modeling muskrat detection probabilities. Our top occupancy model for muskrats included
the positive effects of SHDI (5 = 0.87, SE = 0.21; Fig. 2A), Size (8 = 0.47, SE = 0.19; Fig.
2B), and Watershed (5 = 0.37, SE = 0.17, Fig. 2C). The sum model weight was w = 0.99 for
SHDI, w = 0.88 for Size, and w = 0.73 for Watershed. There were four competitive muskrat
occupancy models (Table 2.2) including Distance, Agriculture, Prairie, and Forest. Addition
of each of these covariates did not improve model fit and model estimates for Agriculture,
Prairie, and Forest had confidence intervals overlapping 0. See Appendix B for the full model

set.

2.3.2 Mink Occupancy

Our most-supported detection models for mink included Precipitation (5 =-0.04, SE = 0.01)
and Date (8 = 0.03, SE = 0.001). There was an additional competitive model (Precipitation
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+ Date + Year) which did not improve model fit (Table 2.3), and Year had a confidence
interval overlapping 0. Our top occupancy model for mink included Distance (distance to
the nearest wetland; § = 0.38, SE = 0.19), Forest (5 = -0.45, SE = 0.21), and Prairie
(8 = 0.37, SE = 0.19). The sum model weight was w = 0.63 for Distance, w = 0.69 for
Forest, and w = 0.53 for Prairie. Mink were less likely to occupy wetlands closer to other
permanent water sources (Fig. 3A) or surrounded by greater coverages of forested landcover
(Fig. 3B), and more likely to occupy wetlands surrounded by greater coverages of prairie
landcover (Fig. 3C). Three other competitive models included Wood, SHDI, and Size, which
all had confidence intervals overlapping 0. However, model fit remained similar across all
competitive models, suggesting that these covariates were not informative. See Appendix B

for the full model set.

2.4 Discussion

Muskrats were more likely to occupy larger, deeper wetlands and wetlands occurring in larger
watersheds (though these two variables were uncorrelated). This pattern is consistent with
traditional island biogeography theory, where larger “islands” (in this case, wetlands) are
more likely to be occupied than smaller ones (MacArthur and Wilson 1967). Larger wetlands
may be easier to find and colonize during dispersal events (Errington 1963). Additionally,
they may be more resistant to drought and/or freezing providing sufficient water for prey
avoidance during those times. Wetlands occurring in larger watersheds collect water runoff
over larger areas increasing the likelihood that wetlands have sufficient water levels to sus-
tain muskrat populations. Muskrat populations are sensitive to water level fluctuations,
including flooding or drought (Toner et al. 2010, Straka et al. 2018, Ward and Gorelick
2018) and choosing hydrologically stable wetlands may buffer them from effects of prolonged
or intense drought. Muskrats were also more likely to occupy wetlands with greater forage
diversity. Importance of wetland plant diversity to muskrats may represent increased feeding
opportunities but may be more likely to also reflect ecological and hydrological stability of

wetlands (Bellrose and Brown 1941).
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Our results demonstrate that wetland occupancy by muskrats was more related to local-
scale wetland quality than landscape-scale factors. Positive associations of watershed and
wetland size, and plant species diversity, emphasize the importance of wetland quality over
composition of the intervening matrix (Schooley and Branch 2007, 2011). Indeed, muskrats
rarely use upland habitats for reasons other than dispersal (Laurence et al. 2013, Miller 2018,
Matykiewicz et al. 2021) and local-scale wetland quality may be relatively more important at
sustaining local populations than landscape composition surrounding wetlands. Widespread
landscape changes have functionally altered connectivity in the Flint Hills tallgrass prairie
(Hamilton et al. 2000, Hamilton 2007, Ratajczak et al. 2016, Wait et al. 2018) and it
is plausible that muskrats are also affected. Paradoxically, it is important to note that our
sampled wetlands were manmade and that occurrence of muskrat and other wetland-obligate
species, outside of natural wetlands and riparian areas, is dependent on this important
landscape change. The number of man-made wetlands has been increasing in the Midwest
(including prairie states; Smith et al. 2002) Patterns observed from our study likely apply
to muskrat populations occurring in natural wetlands and riparian areas as well.

Wetland colonization by muskrats was rare during our study suggesting that movement
rates between wetlands were low. This could be a result of impermeable matrix landcover
surrounding wetlands or that we conducted our study while muskrat abundances were too
low to provide individuals to colonize wetlands. Our study region experienced a severe
drought during summer and fall 2018 (Ozment et al. 2021, Wedel et al. 2021) resulting
in significant wetland drying and water loss throughout the Flint Hills. Previous surveys
for muskrats during this time revealed many wetlands were dry and muskrats were absent
(Bomske, personal observation). The drought conditions likely had a negative effect on
regional muskrat populations and their populations may not have fully recovered by 2019
and 2020. Larger wetlands may have provided refugia for individuals during the drought
and provided source populations for future wetland colonization in the Flint Hills. Studies
linking population genetics to landscape permeability and wetland colonization rates would

likely reveal important information regarding metapopulation dynamics of muskrats in the

Flint Hills.
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Wetland occupancy by mink was more influenced by landscape-scale effects than local-
scale wetland quality - likely underscoring the ability of mink to move in upland areas to
forage between wetlands (Gerell 1970, Zschille et al. 2012, Ahlers et al. 2015). Our results
suggest that mink were more likely to occupy wetlands surrounded by prairie landcover and
were less likely to occupy wetlands surrounded by forest landcover. While the Flint Hills re-
mains a stronghold for tallgrass prairie conservation (Knapp and Seastedt 1986, Middendorf
et al. 2009), widespread neglect of historic fire regimes (Briggs et al. 2002b) has resulted
in woody encroachment by eastern redcedar (Juniperus virginiana) and deciduous forests
(Owensby et al. 1973, Knight et al. 1994. Briggs et al. 2002a, Ratajczak et al. 2016).
Native small mammal species including mink prey are reduced in areas invaded by woody
encroachment in prairie ecosystems (Kaufman et al. 2000, Horncastle et al. 2005, Matlack
et al. 2008). This potentially effects aquatic prey as well, like frogs (Swartz and Miller
2018) and crustaceans (Adams et al. 2021), which are both negatively impacted by woody
encroachment. Native tallgrass prairie has greater diversity of herbaceous plants and small
mammals than areas affected by woody encroachment (Alford et al. 2012, Ratajczak et
al. 2012). Additionally, avian predators of mink benefit from the use of tree perches when
hunting in grasslands (Atuo and O’Connell 2017). We observed both hawks (Buteo sp.) and
owls (Bubo virginianus) in trees near wetlands in our study area, both of which are known
to prey on mink (Lariviere 1999). Ours is not the first study to report a negative influence of
forest cover on mink distributions (e.g., Holland et al. 2019b). Negative associations between
forest landcover and wetland occupancy by mink suggests that woody encroachment in the
great plains may be limiting functional connectivity of wetlands for mink or reducing habitat
quality of wetlands surrounded by woody encroachment (via increased predation risks).

Although not intuitive, the positive relationship between wetland occupancy probabilities
by mink and distance to nearest wetland is consistent with previous studies (Ahlers et al.
2016b, Holland et al. 2019b). Mink may be allocating more time at isolated wetlands when
functional connectivity to other wetlands is reduced (Ahlers et al. 2016b, Holland et al.
2019b). This is also consistent with marginal value theorem (Charnov 1976), which predicts

giving up time at patches (e.g., amount of time spent at wetlands) would increase with
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increasing distance to other patches (e.g., other wetlands). Moreover, costs associated with
moving between wetlands may be increased for mink — especially in areas where landcover
may be dominated by agricultural production (Ahlers et al. 2015). Fine-scale habitat-
selection and population genetic studies in agro-prairie ecosystems would likely enhance
our mechanistic understanding of how landscape composition and wetland isolation affect
movement choices by mink and their relative mortality risks.

Muskrat and mink are well-studied models of predator-prey dynamics (e.g., Erb et al.
2000, Erb et al. 2001, Holmengen et al. 2009, Ahlers et al. 2021). However, muskrat and
mink co-occurred at only 9 sites, and preliminary analysis of co-occurrence found significant
model-selection uncertainty in our model set. Limited co-occurrence may reflect small sample
sizes, or the inability of muskrats to escape mink in small, isolated wetlands. There was no
relationship between co-occurrence and wetland size (r = 0.08, p = 0.29). We suggest that
future studies with more robust datasets investigate potential interaction dynamics between
muskrat and mink in agro-prairie ecosystems.

Our findings underscore how the relative importance of local- and landscape-scale factors
may vary for similar sized semiaquatic mammals occurring in agro-prairie landscapes. Mink
and muskrat metapopulation dynamics are complex and require additional information to
fully understand how distributions of both species are structured in multiuse landscapes.
Future research should incorporate fine-scale space use and genetic information to better

understand multiscale wetland use and turnover by both species.
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Figure 2.1: Study area demonstrating landcover heterogeneity in the Flint Hills of Kansas,
USA where we surveyed 104 randomly selected wetlands (blue dots) for presence of
muskrat (Ondatra zibethicus) and American mink (Neogale vison) for two years
(2019-2020). Map of Kansas and spatial extent of the Flint Hills ecoregion highlighted in
gray. Inset ‘A’ depicts the complexity of landcover types surrounding (5km circular buffer)
one of our sampled wetlands. Wetlands (blue circles) are not to scale.
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Table 2.1: Local- and landscape-scale covariates used to predict wetland occupancy
probabilities for muskrat (Ondatra zibethicus) and American mink (Neogale vison) in
Kansas, USA. We present the description of each covariate along with the associated mean,
range (minimum and maximum values), and standard deviation. Local-scale variables were
measured at sampled wetlands each year (2019-2020). Landscape-scale variables were
derived from remotely sensed landcover data.

Covariate ‘ Description ‘ Mean ‘ Min ‘ Max ‘ SD

Local-scale

SHDI Shannon diversity index for wetland plant 0.45 0.12 | 0.74 | 0.16
species

Wood Proportion cover of woody vegetation 0.01 0.00 | 0.09 | 0.02

Size Composite variable derived from a principal 0.21 0.00 | 0.58 | 0.16

component analysis representing wetland surface
area (ha) and depth (m)
Landscape-scale

Watershed (ha) | Area of wetland-specific watershed 25 1 211 | 31

Distance (m) Euclidean distance to nearest permanent 378 11 1200 | 249
waterbody

Agriculture Proportion row-crop agriculture within 5km 0.21 0.00 | 0.58 | 0.16
circular buffer surrounding wetland

Prairie Proportion tallgrass prairie within 5km circular | 0.45 0.12 | 0.74 | 0.16
buffer surrounding wetland

Forest Proportion forest land within 5km circular buffer | 0.07 0.00 | 0.27 | 0.05
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Table 2.2: Single-season models for detection and wetland occupancy probabilities of
muskrats (Ondatra zibethicus) in Kansas, USA, from 2019-2020. AAICc (Akaike’s
information criterion corrected for small sample sizes) = difference between the model of
interest and the model with the lowest AICc value, w = model weight,

—2] = —2(Log likelihood), and K = number of parameters in each model. Detection
covariates included ‘Observer’ (three covariates, one for each observer compared to a
baseline observer), ‘Date’ (day of year, out of 365), ‘Year’ (2019 or 2020), and
‘Precipitation’ (total amount of rain in cm, seven days prior to survey). Occupancy
covariates include ‘SHDI” (Shannon diversity index of wetland plants), ‘Size’ (PC1 for
wetland surface area and depth), ‘Watershed’ (area of wetland-specific catchment in
hectares), ‘Distance’ (distance in meters to nearest permanent water), ‘Agriculture’
(proportion of row-crop agriculture landcover within a 5 km buffer), ‘Prairie’ (proportion of
tallgrass prairie landcover within a 5 km buffer), and ‘Forest’ (proportion of forest
landcover within a 5 km buffer). The top detection model (denoted by *) was used as the
null occupancy model. We only present competitive models (AAICc > 2.00) along with the
null model.

Parameter | Model AAICe | w -21 K

Detection Observer + Date* 0.00 0.25 | 345.30 | 6
Observer + Date + Year 0.89 0.16 | 344.19 | 7
Observer 4+ Date + Precipitation 1.00 0.15 | 344.30 | 7
Observer 1.39 0.13 | 348.69 | 5
Observer + Date + Year + Precipitation 1.73 0.11 | 343.03 | 8
Null 8.68 0.00 | 361.98 | 2

Occupancy | SHDI 4+ Size + Watershed 0.00 0.24 | 306.21 | 9
SHDI + Size + Watershed + Distance 1.05 0.14 | 305.26 | 10
SHDI + Size + Watershed 4+ Agriculture 1.40 0.12 | 305.61 | 10
SHDI + Size + Watershed + Prairie 1.74 0.10 | 305.95 | 10
SHDI + Size + Watershed + Forest 1.85 0.09 | 306.06 | 10
Null 33.09 0.00 | 345.30 | 6
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Table 2.3: Single-season models for detection and wetland occupancy probabilities of
American mink (Neogale vison) in Kansas, USA, from 2019-2020. AAICc (Akaike’s
information criterion corrected for small sample sizes) = the difference between the model
of interest and the model with lowest AICc value, w = model weight,

—2] = —2(Log likelihood), and K = number of parameters in each model. Detection
covariates included ‘Observer’ (three covariates, one for each observer compared to a
baseline observer), ‘Date’ (day of year, out of 365); ‘Year’ (2019 and 2020), and
‘Precipitation’ (total amount of rain [cm| seven days prior to survey). Occupancy
covariates included ‘SHDI’ (Shannon diversity index of wetland plants), ‘Size’ (PCA for
wetland surface area and depth), ‘Wood’ (percent cover of woody vegetation), ‘Watershed;
(area of wetland-specific watershed [ha]), ‘Distance’ (distance to nearest permanent
waterbody [m]), ‘Agriculture’ (proportion of row-crop agriculture landcover within a 5 km
circular buffer), ‘Prairie’ (proportion of tallgrass prairie within a 5 km circular buffer), and
‘Forest’ (proportion of forest landcover within a 5 km circular buffer). The top detection
model (denoted by *) was used as the null occupancy model. We present competitive
models for each parameter (AAICc > 2.00) along with the null model.

Parameter | Model AAICc | w -21 K
Detection Precipitation + Date* 0.00 0.59 | 505.25 | 4
Precipitation + Date + Year 1.29 0.31 | 504.54 | 5
Null 80.36 0.00 | 589.61 | 2
Occupancy | Distance + Forest + Prairie 0.00 0.10 | 495.13 | 7
Distance + Forest + Prairie + Wood 0.43 0.08 | 493.56 | 8
Distance 4+ Forest 4+ Prairie + SHDI 1.68 0.04 | 494.81 | 8
Distance + Forest + Prairie 4 Size 1.99 0.03 | 495.12 | 8
Null 4.12 0.01 | 505.25 | 4
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Figure 2.2: Predicted effects and 95% confidence intervals from our most-supported model
of wetland occupancy by muskrats (Ondatra zibethicus) at 104 wetlands in the Flint Hills,
Kansas, USA during 2019 and 2020. Effects include (A) the Shannon Diversity Index of
aquatic and emergent wetland plant species, (B) wetland size (composite variable including
surface area [ha] and depth [m]), and (C) watershed size (ha). We assessed wetland
occupancy by muskrats using detection/non-detection sign surveys and single-season
occupancy modeling.
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Figure 2.3: Predicted effects and 95% confidence intervals from our most-supported model
of wetland occupancy by American mink (Neogale vison) at 104 wetlands in the Flint Hills,
Kansas, USA during 2019 and 2020. Effects include (A) Euclidean distance (m) to nearest
wetland, (B) proportion of forest landcover within 5km, and (C) proportion of prairie
landcover within 5km. We assessed wetland occupancy by mink using
detection/non-detection sign surveys and single-season occupancy modeling.
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Chapter 3

Bergmann’s rule is not consistent
between sexes or across species: an
example from a classic predator-prey

system

Semiaquatic mammals tend to be larger than similar terrestrial species. The mechanisms
for this pattern are poorly understood but may reflect conformity to Bergmann’s rule. To
test this hypothesis in two semiaquatic mammals, common muskrat and American mink,
we investigated latitudinal gradients in size across their native North American distribution.
Using museum collections and data from state wildlife departments, we were able to include
708 muskrat and 94 mink. We created a Principal Component for size using total length and
tail length and used AIC model selection to see if latitude best predicted changes in size for
both species. We found support for Bergmann’s rule in muskrat, but not for mink. While
no relationships between size and latitude were found for male mink, we did find support for
the reverse pattern of Bergmann’s rule in female mink. These results may reflect ecological
or physiological relationships of mink and muskrat, but further research is needed to fully

test proposed mechanisms for the observed morphological patterns.

37



3.1 Introduction

Bergmann (1847) observed that homeotherms tend to average larger sizes in more northerly
latitudes. They proposed the underlying mechanism was metabolic (e.g., heat budgets; Meiri
2011). Because larger animals have less surface area for their size, they lose proportionally
less heat than smaller animals and hypothetically maintain consistent body temperatures
better in colder (more northerly) climates (Salewski and Watt 2017). Bergmann’s rule has
been applied broadly across higher taxonomic groups (Blackburn et al. 1999) but it may be
better applied to family- or species-level taxa (Wolff and Guthrie 1985, Alhajeri and Steppan
2016, Maestri et al. 2016, Rodrigues et al. 2023). Bergmann’s rule has been observed across
a wide range of homeothermic mammals and birds (Meiri and Dayan 2003, Meiri 2011,
Smith and Lyons 2011), albeit with some exceptions. Meiri and Dayan (2003) recognized
that Bergmann’s rule often does not apply to smaller mammals (<0.16 kg; Freckleton et al.
2003), perhaps because of unique life history strategies (e.g., burrowing; Ashton et al. 2000).
Bergmann’s rule likely does not apply to taxa in warmer climates (Rodriguez et al. 2008).
The rule is consistent among diverse groups of marine mammals (Torres-Romero et al. 2016,
Adamczak et al. 2020), including sirenians (Pyenson and Vermeij 2016). The tendency for
semiaquatic mammals to be larger than their terrestrial counterparts may reflect Bergmann’s
rule (Farina et al. 2023). Three hypotheses were proposed by Wolff and Guthrie (1985) to
account for larger body sizes in semiaquatic mammals: (1) thermoregulation (conforming
to Bergmann’s rule), (2) predation avoidance, and (3) resource competition. Farina et al.
(2023) suggested Bergmann’s rule (thermoregulatory constraints) was the best-supported
hypothesis.

Intraspecifically, small mammals do not increase in size at higher latitudes (Meiri and
Dayan 2003, Balciauskas et al. 2020, Teta et al. 2022, Quiroga-Carmona et al. 2023,
Valladares-Gémez et al. 2024), which may suggest that heat conservation is not the primary
selective pressure for larger sizes in rodents (Ashton et al. 2000). When broader taxonomic
scales (orders, families) are investigated, there is some support for Bergmann’s rule in rodents

(Ashton et al. 2000). Boyce (1978) found that rainfall and seasonal availability of food were
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better predictors of muskrat (Ondatra zibethicus), a semiaquatic herbivore widely distributed
across North America, size than latitudinal changes. However, muskrats in areas with more
extreme seasonal variation (including higher latitudes) tended to be larger. This may reflect
resistance to starvation, not heat loss (Boyce 1978).

Mustelids, especially larger species, generally adhere to Bergmann’s rule (Klein 1986,
Meiri and Dayan 2003). However, the reverse-trend of Bergmann’s rule is observed in Euro-
pean pine martens (Martes martes; Monakhov and Hamilton 2020). Semiaquatic mustelid
lineages are generally larger than terrestrial ones (Rodrigues et al. 2023), and latitude has
generally been the best predictor of size (Yom-Tov et al. 2006, Meiri et al. 2007). But this
does not necessarily imply unequivocal conformity to Bergmann’s rule. Spatial scale appears
to be an important consideration for altitudinal size trends in mustelids. For one latitudinal
range, Bergmann’s rule can apply to otters (Lontra canadensis, Lutra lutra), but at a dif-
ferent latitudinal range, it runs contrary (McNab 1971, Yom-Tov et al. 2010). Bergmann’s
rule may not apply to smaller mustelid species (Rodrigues et al. 2023) but, to date, no one
has tested the rule on small, semiaquatic mustelids like the American mink (Neogale vison;
hereafter ‘mink’).

Muskrats are semiaquatic herbivores native to most of North America that range in size
from 456-553mm in length and 700-1800g in weight (Willner et al. 1980). Size does not vary
between sexes (Willner et al. 1980) but cranial measurements suggest that there is variation
in muskrat size latitudinally (Boyce 1978). Mink are sexually dimorphic, with males ranging
in size from 504-680mm and females from 488-580mm (Lariviere 1999). Female mink are
50% smaller than males, at 455-840g and 905-1392g, respectively (Hall 1981). Thom et
al. (2004) suggested that sexual dimorphism in mink could be partly attributed to niche
partitioning, but indicated that the primary reason was likely linked to energetics and prey
availability.

Our study investigated latitudinal body size gradients in two semiaquatic species, muskrat
and mink. Semiaquatic rodents (Martin 2019) and carnivores (Botton-Divet et al. 2017) have
additional metabolic costs associated with living in water. Water is a greater conductor than

air, which increases heat loss in aquatic mammals (MacArthur 1989). Smaller mammals can
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be more affected by heat loss than larger mammals (Riek and Geiser 2013) and, in sexually
dimorphic species, females tend to adhere to Bergmann’s rule more closely than males, which
reduces dimorphism on a latitudinal gradient (Speakman and Krél 2010). We hypothesize
that semiaquatic mammals like muskrat and mink will follow Bergmann’s rule. Additionally,

we hypothesize that female mink will adhere more strongly to Bergmann’s rule than males.

3.2 Methods and Analysis

We used online databases from the National Museum of Natural History (Smithsonian Insti-
tution) and data provided by regional organizations (Florida Fish and Wildlife Conservation
Commission, Georgia Museum of Natural History, Indiana Department of Natural Resources,
Kansas State University, Ohio Department of Natural Resources). We recovered information
on 708 muskrat and 94 mink specimens (Fig. 1) between 1889 and 2024 for which measures
of size (total length and tail length) and geographic location (to at least the county level)
were recorded. Location descriptions were variable across samples and included latitude and
longitude, city names, county names, road intersections, and/or other descriptors. If we
could not identify the location of a specimen to at least county level, we did not include
that specimen in our analysis. Mean annual temperature differences are negligeable within
individual home ranges (Boucher-Lalonde and Currie 2016) and, for some semiaquatic mam-
mals (e.g., mink; Yamaguchi and Macdonald 2003, Ahlers 2015), home ranges can average
5-7 km of linear distance. If we could not determine the location of an animal to at least the
county level, it was omitted from our data set (muskrat = 708, mink = 94). We obtained
two measures of size for muskrat and mink: total length (mm) and tail length (mm). Total
length is defined as the distance from the snout to the tip of the tail and tail length is defined
as the distance from the base of the tail to the tip (DeBlase 1981). Both measures exclude
hairs that may extend past the tip of the tail. These basic measures have regularly and
historically been recorded for individual specimens by scientific institutions and were read-
ily available in the databases we accessed. We only used adult muskrat (456-553mm total

length, 200-254mm tail length; Willner et al. 1980) and adult mink (male: 504-680mm to-
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tal length, 167-200mm tail length; female: 488-580mm total length, 152-185mm tail length;
Lariviere 1999) for our analyses. We did not include records below these accepted adult sizes
to avoid bias related to growth patterns and fecundity instead of latitudinal trends in size.
Because mink are sexually dimorphic, we separated males (N = 54) and females (N = 40)
and performed separate analyses on each. We did not re-measure any specimens ourselves,
we only used museum records.

Both total length and tail length were correlated for both species (muskrat mean r =
0.69, mink mean r = 0.87). Thus, we conducted a Principal Components Analysis (PCA; R
Core Team 2025) on total length and tail length for muskrat and mink to create a composite
variable representing ‘Body Size’ for both species. We performed a k-Nearest Neighbors
(kNN) imputation (k = 5) on morphometric data (total length, tail length) using the “VIM”
package (Kowarik and Templ 2016) and scaled the data to prepare it for the PCA. Unlike
simpler methods (e.g., simple mean imputation) kNN preserves variance in the data by
estimating missing values based on locally similar specimens. We used k=5 to balance
robustness with sensitivity to variations in our data. For muskrat, we found clusters of data
centered around 40° latitude. Therefore, we binned the data to 1° latitudes using the “dplyr”
package (Wickham et al. 2023) and randomly subsampled bins to a maximum of 75 muskrats
per bin. We explored various bin sizes, varying by factors of 5, and found 75 maintained
variance and covariance within bins while equalizing the weight of sampling effort bias at 40°
latitude. PC1 captured 81.8% of the total variance for muskrats. PC1 captured 93.9% of the
total variance for mink. Only 226 of our muskrat specimens had data describing collection
date.

We used general additive models (“mgev” package) to assess support for our hypotheses
that mink and muskrat body sizes follow Bergmann’s rule across a latitudinal gradient
in North America. We produced three model sets for 1) muskrat, 2) male mink, and 3)
female mink. For each model set, we included one model with latitude as a covariate and
a null model with only the intercept. We used AIC model selection (Burnham et al. 2011)
and compared the deltaAIC, AIC weight, and log-likelihood to determine model fit for our

competing hypotheses. Parametric coefficients were inspected individually to see positive or
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negative associations and confirm interpretability.

3.3 Results

We found support for Bergmann’s rule in muskrats. Our top model, which included latitude
as an explanatory variable (beta = 0.099, SE = 0.022), had a weight of 1.00 (Table 1).
Muskrat body sizes were larger at more northerly latitudes (Fig 2).

Our mink models suggest male mink do not conform to Bergmann’s rule, and patterns
of female mink body sizes are opposite of Bergmann’s rule (Fig. 3). For male mink, our null
model was the most-supported model of body size (Table 1). Parameter estimates for our
model including latitude (beta = 0.035, SE = 0.24) were non-informative. For female mink,

our top model included latitude (beta = -0.57, SE = 0.28) and had a weight of 0.74 (Table
1).

3.4 Discussion and Conclusions

Semiaquatic mammals are ecologically diverse species that face unique challenges to energy
acquisition and conservation. Our study provides additional evidence that Bergmann’s rule
likely applies to muskrats across their native North American range (Fig. 2), an association
that was also suggested by Boyce (1978). Heat conservation may explain Bergmann’s rule in
marine (Torres-Romero et al. 2016) and terrestrial mammals (Blackburn et al. 1999), but
future research is needed to investigate possible metabolic mechanisms behind Bergmann’s
rule in semiaquatic species. Thermoregulatory behavior in muskrats is well-known (e.g.,
MacArthur and Campbell 1994, MacArthur et al. 1997) and may suggest that heat con-
servation is an important driver of larger sizes in semiaquatic mammals (Wolff and Guthrie
1985). Consistent with this hypothesis, Gearty et al. (2018) suggest that semiaquatic mam-
mals are constrained to larger sizes by the costs of thermoregulation in water.
Alternatively, larger sizes in semiaquatic mammals may help them avoid predators (Wolff

and Guthrie 1985). While terrestrial mammals consistently show trends in size that reflect
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coevolution of predator and prey, aquatic mammals generally do not follow this trend (Tucker
and Rogers 2014). However, muskrat and mink are a well-studied example of coevolution of
predator and prey in ecological systems (Cortez and Weitz 2014), so the predator avoidance
hypothesis should not be dismissed. Larger sizes in muskrats may also reflect competition
for food (Wolff and Guthrie 1985). Specifically, vegetation in aquatic environments tend to
have patchy distributions and competition for these resources may, in part, depend on being
larger than competitors (Wolff and Guthrie 1985). For terrestrial rodents, food availability
does appear to be the primary driver of larger sizes (Alhajeri and Steppan 2016) instead of
metabolic constraints. While the thermoregulatory benefit of larger size appears to be the
favored hypothesis for aquatic mammals (Farina et al. 2023), these alternative hypotheses
need to be explored more thoroughly in future analyses of semiaquatic mammals.

Our data indicate no association between changes in male mink size and latitude (Fig. 3),
consistent with past research (Stevens and Kennedy 2006, Zalewski and Bartoszewicz 2012).
Aquatic mustelids tend to be more robust than terrestrial mustelids (Law 2021) but this is not
the case for mink, which are among the smallest semiaquatic mustelids (Powell and Zielinski
1983). Mustelids have long, thin bodies, which may make increases in size counterproductive
to heat conservation (Brown and Lasiewski 1972). Rather than minimizing heat loss with
more mass (Brown and Lee 1969), mustelids are long and thin to maximize their ability
to capture prey in difficult places (Brown and Lasiewski 1972, Noonan et al. 2016, Law
2019, Rodrigues et al. 2023). Mink morphology appears to maximize caloric intake (hunting
efficiency), instead of minimizing caloric losses (heat lost through surface area).

We found a significant, opposite trend toward smaller female mink occurring at more
northerly latitudes (Fig. 3). Zalewski and Bartoszewicz (2012) found the same pattern for
invasive populations of mink in Poland, where female size had a negative association with
latitude. In contrast, measures of size derived from mink cranial characters (Stevens and
Kennedy 2006) indicate female mink increase in size with latitude. However, skull traits may
reflect muscle attachment and strength consistent with sexual dimorphism, not necessarily
body size (Gélvez-Lopez et al. 2022). This is especially true for animals with adaptations

to stronger bite forces such as mustelids (Hartstone-Rose et al. 2019, Mitchell et al. 2024).

43



The reason female mink decrease in size with increasing latitude, while males do not,
has not received much attention in the literature. Size differences between male and female
mammals are often the result of food availability (Isaac 2005). Because they are smaller,
female mink hunt smaller prey than males (Birks and Dunstone 1985, Isaac 2005). If prey
availability is even more limited in northern latitudes, smaller sizes of females may limit
competition with males for food. However, food partitioning does not appear to drive sexual
dimorphism in other semiaquatic mustelids (e.g., otters; Isaac 2005) and it is not known if
these differences would also produce sex-specific size variations across latitudes.

Alternatively, Brown and Lasiewski (1972) suggested that sexual dimorphism in mink is a
result of metabolic constraints. Moors (1980) believed that smaller sizes in female mustelids
are selectively advantageous primarily because smaller bodies require less energy and increase
hunting efficacy. This may reflect the higher metabolic demands of reproduction compared
to males (Sandell 1989). Sandell (1989) used a model of energetics to predict mustelid sizes
and supported Moors (1980) suggestion that smaller females are energetically more efficient.
If this hypothesis is true, the reverse-Bergmann trends observed in female mink may reflect
the metabolic advantages to a unique body shape (Brown and Lasiewski 1972) but future
research will need to test alternative hypotheses. To explore why female mink decrease in
size with increasing latitude while males do not, we recommend future research investigate
the hypothesis that females have 1) greater metabolic needs than males (Moors 1980) and
2) hunting niche strategies distinct from males (Birks and Dunstone 1985).

Our data suggest that small, semiaquatic mammals do not universally conform to Bergmann’s
rule. While latitudinal changes in muskrat size appear to be consistent with Bergmann’s
rule, mink do not follow Bergmann’s rule. Bergmann’s rule may not be a ubiquitous ecolog-
ical principle (Oskyrko et al. 2026). Instead, it appears that thermoregulatory requirements
influencing size along latitudinal gradients are specific to adaptive strategies that may even
be population-specific, rather than species-specific (He et al. 2023, Oskyrko et al. 2026).
A growing body of evidence suggests that latitudinal trends in homeotherm size depend on
specific ecological histories of species, not universal principles or generalizations (He et al.

2023, Oskyrko et al. 2026).
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Variation in mink size in our dataset suggest that sexual dimorphism can complicate
generalizations about latitudinal size trends intraspecifically. Across very broad taxonomic
groups, sexually dimorphic species may display patterns consistent with or opposite of
Bergmann’s rule (Blanckenhorn et al. 2006). Males tend to display latitudinal patterns
in size more clearly than females (Blanckenhorn et al. 2006), but this is not the case with
mink in our study. To our knowledge, this is the first study to empirically test for intraspecific
latitudinal size trends between mink sexes.

Allen’s rule postulates that, within a species, higher latitudes produce individuals with
shorter appendages than those closer to the equator (Allen 1877, Tilkens et al. 2007). In
rodents, Allen’s rule appears to be most conspicuous in tails (Alhajeri et al. 2020). It
is possible that including tail length in our measures of muskrat and mink tests Allen’s
rule rather than Bergmann’s rule. However, tail length and body length correlated with
one another for both species in this study (muskrat r = 0.69, mink r = 0.87), suggesting
that Allen’s rule may not apply to semiaquatic mammals. Nevertheless, we urge caution in
interpreting our results.

While our sampling distribution is uneven, we have done our best to account for this
by binning our data during analysis. We recommend that future researchers select sites for
data collection carefully to represent the distribution of these two semiaquatic mammals
more evenly. By using primarily museum specimens, we are subject not only to sampling
biases, but also possible measurement error. Our data hint at several intriguing possibilities
for ecology and metabolism of semiaquatic mammals. We anticipate more rigorous studies

in the future will address these questions.
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Figure 3.1: Location points for 708 muskrat and 94 American mink in museum, university,
and state collections in North America. Where sampling bias existed (e.g., Ohio) we set a
maximum of 75 muskrats within 1° latitude bins.
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Figure 3.2: Muskrat (Ondatra zibethicus) body size and 95% CI in relation to the effect of
latitude. We obtained total length and tail length from museums specimens distributed
across the continental United States and used a principal components analysis to derive a
single measure of body size. Size estimates are derived from a Principal Components
Analysis of total length and tail length. We used PC1, which captured 81.8% of the
variance. Muskrat size increases with increasing latitude, consistent with Bergmann’s rule.
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Figure 3.3: The effects of male and female American mink (Neogale vison) body size (and
95% confidence interval) in relation to latitude. We obtained total length and tail length
from museums specimens distributed across the continental United States and used a
principal components analysis to derive a ‘body size’ variable. Size estimates are derived
from a Principal Components Analysis of total length and tail length. We used PC1, which
captured 93.9% of the variance. Female mink decrease in size with increasing latitude,
opposite of Bergmann’s rule, but there is no discernible change in male mink size across
latitudes.
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Appendix A

Supplementary Material for Chapter 1

Table A.1: Table of all publications used in the review.

Context is the topical category of the publication and Focus denotes if the article dealt with muskrats as
the primary focus. If muskrats were mentioned as ecosystem engineers or keystone species, the publication
is denoted with EE or KS respectively in the third column. The fourth column, Status, specifies if the
muskrats in the publication were native, introduced, or captive. We have abbreviated authors listed in the
fifth column. We listed full publication references in the Comprehensive Bibliography. Lastly, we listed the
type of publication — journal article, book chapter, scientific report, or a thesis (PhD or MSc) — in the final
column.

*Muskrats listed as ”cultural keystone” species, but not in an ecological sense.

Context Focus | EE or KS Status Authors Type
Disease Other No Introduced Adriana et al. (2016) Article
Ecology Muskrat No Native Ahlers (2010) Thesis
Management | Muskrat No Native Ahlers and Heske (2017) Article
Ecology Muskrat No Native Ahlers et al. (2010a) Article
Ecology Muskrat No Native Ahlers et al. (2010b) Article
Physiology | Muskrat No Native Ahlers et al. (2011) Article
Ecology Muskrat No Native Ahlers et al. (2015a) Article
Disease Muskrat No Native Ahlers et al. (2015Db) Article
Management | Muskrat No Native Ahlers et al. (2016a) Article

Continued on next page...
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Table A.1 — Continued from previous page

Context Focus | EE or KS Status Authors Type
Ecology Other No Native Ahlers et al. (2016b) Article
Physiology Other No Native Aigeldinger and Fish (1995) Article
Physiology Other No Native Allers and Culik (1997) Article
Ecology Other No Native Andersen and Shafroth (2010) Article
Ecology Other No Native Anderson and Mitsch (2005) Article
Ecology Other No Native Anderson et al. (2005) Article
Ecology Other No Introduced Anderson et al. (2006) Article
Disease Other No Native Antonation et al. (2015) Article
Physiology Other No Introduced Antonova et al. (2017) Article
Disease Other No Introduced Aviat et al. (2009) Article
Disease Other No Introduced Bagrade et al. (2016) Article
Ecology Muskrat No Introduced Bakker and Bos (2019) Article
Ecology Other No Native Baldwin (2004) Article
Ecology Other No Native Baldwin and Pendleton (2003) Article
Ecology Other No Native Barthelmess (2014) Article
Ecology Other EE Native Batzer et al. (2006) Chapter
Physiology | Muskrat No Native Belant (1995) Article
Physiology | Muskrat No Native Belant (1996) Article
Ecology Other No Native Beltaos (2014) Article
Management | Other No Native Beltaos et al. (2006a) Article
Management | Other No Native Beltaos et al. (2006b) Article
Ecology Other No Native Bernal and Mitsch (2013) Article
Ecology Other No Native Beutel et al. (2014) Article
Disease Other No Native Bitto and Aldras (2009) Article
Ecology Other No Introduced Bobrov et al. (2008) Article
Ecology Other No Native Bollen (2013) Thesis
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Context Focus | EE or KS Status Authors Type
Physiology | Muskrat No Native Borucinska et al. (1996) Article
Disease Muskrat No Native Borucinska et al. (1997) Article
Disease Muskrat No Captive Borucinska et al. (2001) Article
Management | Muskrat No Introduced Bos and Ydenberg (2011) Article
Ecology Other No Native Brandt et al. (2015) Article
Ecology Other No Native Bridges et al. (2007) Article
Ecology Other EE Native Bridgewater and Arico (2016) Article
Ecology Muskrat No Native Britzke (2015) Article
Ecology Other No Native Browne and Paszkowski (2010) Article
Ecology Muskrat KS Native Brunke et al. (2017) Article
Ecology Muskrat No Introduced Brzezinski et al. (2010) Article
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Physiology | Muskrat No Native Campbell and MacArthur (1994) Article
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Context Focus | EE or KS Status Authors Type
Ecology Muskrat No Native Connors et al. (2000) Article
Ecology Other No Native Cortez and Weitz (2014) Article
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Ecology Muskrat No Introduced Crego et al. (2016) Article
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Ecology Other No Introduced Dell’Arte et al. (2007) Article
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Management | Other No Native Dickins et al. (1999) Article
Ecology Other No Native Dickman (1999) Article
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Context Focus | EE or KS Status Authors Type
Ecology Muskrat No Native Erb et al. (2000) Article
Ecology Muskrat No Native Erb et al. (2001) Article
Ecology Other No Native Ernst et al. 1989 Article
Ecology Other No Native Ernst et al. 1994 Chapter
Management | Muskrat No Native Estay et al. (2011) Article
Ecology Muskrat No Native Falcone (2015) Thesis
Ecology Other No Native Faller and McCleery (2017) Article
Ecology Muskrat No Native Fan et al. (2003) Article
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Physiology Other No Native Fish (1993) Article
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Ecology Other No Native Fretueg et al. (2015) Article
Ecology Other No Native Froda and Colavita (2005) Article
Disease Other No Native Fuehrer (2014) Article
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Physiology Other No Captive Galewski et al. (2006) Article
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Ecology Other No Native Gleason et al. (2005) Article
Ecology Other No Native Gordon et al. (2016) Article
Ecology Other No Introduced Gorgadze (2013) Article
Ecology Other No Native Gori et al. (2014) Report
Physiology Other No Native Gorini et al. (2009) Article
Ecology Other No Native Gough and Grace (1998) Article
Ecology Muskrat EE Native Greenhorn et al. (2016) Article
Management | Muskrat No Native Gregory et al. (2019) Article
Management | Muskrat No Native Gross et al. (2017) Article
Disease Muskrat No Introduced Gulyaeva et al. (2017) Article
Ecology Muskrat No Native Haas (2002) Article
Physiology | Muskrat No Captive Han et al. (2017) Article
Ecology Other No Native Hanlon and Levine (2004) Article
Disease Other No Introduced Hanosset et al. (2008) Article
Ecology Other No Native Hartman (1994) Article
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Physiology Other No Native Haukisalmi et al. (2006) Article
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Ecology Other No Native Hazelton et al. (2014) Article
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Ecology Other No Native Hoggarth et al. (1995) Article
Ecology Other No Native Holland (2016) Thesis
Ecology Other No Native Holland et al. (2018) Article
Ecology Muskrat No Native Holland et al. (2019) Article
Ecology Muskrat No Native Holmengen and Seip (2009) Article
Ecology Muskrat No Native Holmengen et al. (2009Db) Article
Ecology Other No Native Hood and Larson (2014) Article
Ecology Other No Introduced Hulme et al. (2010a) Chapter
Ecology Other No Introduced Hulme et al. (2010Db) Chapter
Disease Muskrat No Introduced Hurd et al. (2017) Article
Management | Other No Introduced Jamrozy (2008) Article
Disease Other No Native Jiang et al. (2005) Article
Disease Other No Native John and Smith (1997) Article
Ecology Other No Native Johnson-Bice et al. 2019) Article
Ecology Muskrat No Native Jokela and Mutikainen (1995) Article
Ecology Muskrat No Native Juhlin and Halbrook (1997) Article
Ecology Muskrat No Native Kadlec et al. (2007) Article
Ecology Other No Native Kadlec et al. (2010) Article
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Ecology Other No Native Kanda and Fuller (2004) Article
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Disease Muskrat No Introduced Karan et al. (2014) Article
Physiology Other No Native Kaseloo and Lovvorn (2005) Article
Disease Muskrat No Native Keulen et al. (1998) Article
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Ecology Muskrat No Native Kiviat (1978) Article
Management | Other No Introduced Kloskowski (2011) Article
Ecology Other No Native Kratzer (2014) Thesis
Physiology Other No Native Kuhn and Meyer (2009) Article
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Ecology Other No Native Landriault et al. (2009) Article
Ecology Other No Native Larkin et al. (2012) Article
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Ecology Muskrat EE Native Larreur et al. (2019) Article
Ecology Other No Introduced Latham et al. (2017) Article
Physiology | Muskrat No Native Laurence et al. (2009) Article
Physiology | Muskrat No Native Laurence et al. (2011) Article
Ecology Muskrat No Native Laurence et al. (2013) Article
Ecology Other KS Introduced Law (2014) Thesis
Ecology Other No Introduced Law et al. (2014a) Article
Ecology Other No Introduced Law et al. (2014b) Article
Physiology | Muskrat No Introduced Legendre and Makarenkov (2002) Article
Ecology Other No Introduced Leppakoski (2004) Chapter
Disease Muskrat No Native Levesque et al. (1995) Article
Paleontology | Muskrat No Extinct Lewis and Johnson (2002) Article
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Physiology | Muskrat No Captive Li et al. (2017a) Article
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Disease Other No Native Lujan-Vega et al. (2018) Article
Physiology | Muskrat No Captive Ma et al. (2011) Article
Physiology | Muskrat No Native MacArthur and Campbell (1994) Article
Physiology | Muskrat No Native MacArthur and Humphries (1999) Article
Physiology | Muskrat No Native MacArthur et al. (1997) Article
Physiology | Muskrat No Native MacArthur et al. (2001) Article
Physiology | Muskrat No Native MacArthur et al. (2003) Article
Ecology Other No Introduced Magnusdottir et al. (2012) Article
Ecology Other No Introduced Manchester and Bullock (2000) Article
Paleontology | Other No Extinct Maridet et al. (2014) Article
Ecology Muskrat No Native Marinelli and Messier (1995) Article
Physiology | Muskrat No Native Marinelli et al. (1997) Article
Physiology | Muskrat No Native Marti et al. (2011) Article
Disease Other No Native Marti et al. (2013) Article
Paleontology | Other No Extinct Martin (2009) Article
Physiology | Muskrat No Native Mayack and Loukmas (2001) Report
Disease Muskrat No Introduced Mazur and Fomina (2014) Article
Physiology Other No Native McCulloch (2005) Article
Physiology Other No Native McCulloch (2012) Article
Physiology Other No Native McChulloch et al. (1997) Article
Ecology Muskrat No Native McDonald (2010) Article
Physiology Other No Native Mclntyre et al. (2002) Article
Physiology Other No Native McPhail and Jones (1999) Article
Ecology Other No Native Meeks and Ultsch (1990) Article
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Context Focus | EE or KS Status Authors Type
Ecology Muskrat No Native Messier and Virgle 1992) Article
Paleontology | Muskrat No Extinct Mihlbachler (2012) Article
Paleontology | Muskrat No Extinct Mihlbachler et al. (2002) Article
Paleontology | Other No Extinct Miller et al. (2014) Article
Ecology Other No Native Mitsch and Zhang (2004) Chapter
Ecology Other No Native Mitsch et al. (2005a) Chapter
Ecology Other No Native Mitsch et al. (2005b) Article
Disease Other No Introduced Moinet et al. (2010) Article
Disease Other No Introduced Mori et al. (2015) Article
Ecology Muskrat EE Native Mott et al. (2013) Article
Management | Other No Introduced Mougenot and Roussel (2005) Article
Ecology Other No Native Muhametsafina et al. (2014) Article
Physiology | Muskrat No Introduced Mychajliw and Harrison (2014) Article
Ecology Muskrat No Native Nadeau et al. (1995) Article
Disease Muskrat No Native Naem and Smythe (2015) Article
Ecology Other No Introduced Nentwig et al. (2010) Article
Ecology Other No Native Ness and Klaver (2016) Article
Ecology Other No Native Nkuruniziza (2008) Article
Ecology Other No Native Nkurunziza (2009) Article
Ecology Other No Native Nolet and Rosell (1994) Article
Ecology Other No Introduced Novillo and Ojeda (2008) Article
Ecology Muskrat KS Introduced Nummi et al. (2006) Article
Ecology Other No Native Nyman et al. (2013) Article
Disease Other No Introduced Oksanen et al. (2016) Article
Ecology Muskrat No Introduced Otgonbaatar et al. (2018) Article
Ecology Muskrat No Native Owen et al. (2011) Article
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Context Focus | EE or KS Status Authors Type
Disease Other No Introduced Pannekoek et al. (2010) Article
Physiology Other No Native Panneton et al. (2010) Article
Physiology | Muskrat No Native Parker (2004) Article
Ecology Other No Native Pascoe and DalSoglio (1994) Article
Physiology Other No Native Patrick et al. (2016) Article
Ecology Other No Native Perry (1998) Chapter
Ecology Other No Native Perry and Atkinson (2009) Article
Ecology Other No Native Perry et al. (2001) Article
Disease Other No Native Perz and Blancq (2001) Article
Disease Other No Native Poulin (2003) Article
Ecology Other No Native Powell (2017) Report
Ecology Other No Introduced Poysa et al. (2017) Article
Management | Other No Native Premo and Premo (2009) Report
Disease Other No Native Prendergast and Jensen (2011) Article
Ecology Muskrat No Native Prendergast and Jensen (2012) Article
Ecology Other No Native Prepas et al. (1997) Article
Management | Other No Native Pritchard et al. (2006) Article
Ecology Muskrat No Native Proulx and Gilbert (1983) Article
Disease Other No Native Rhodes and Kator (1999) Article
Management | Muskrat No Native Roberts and Crimmins (2010) Article
Management | Other No Introduced Robertson et al. (2017) Article
Ecology Other No Native Rosell et al. (2005) Article
Physiology Other No Native Rosen et al. (2007) Article
Ecology Other No Native Ross and Murkin (2009) Chapter
Disease Other No Native Ruecker et al. (2007) Article
Disease Other No Native Ruecker et al. (2012) Article
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Context Focus | EE or KS Status Authors Type
Disease Other No Introduced Runge et al. (2013) Article
Ecology Other No Introduced Ruys et al. (2111) Article
Disease Other No Introduced Ruzek et al. (2010) Article
Ecology Other No Native Sabelli and Kovacevic (2008) Article
Disease Other No Native Santin et al. (2010) Article
Ecology Other No Introduced Sarneel et al. (2111) Article
Ecology Other No Native Sarneel et al. (2014) Article
Ecology Other No Introduced Saveljev et al. (2015) Article
Ecology Other No Native Schooley and Branch (2009) Article
Ecology Other No Native Schooley and Branch (2011) Article
Ecology Other No Native Schooley et al. (2012) Article
Paleontology | Other No Extinct Schultz (2010) Article
Ecology Other No Introduced Schuttler et al. (2008) Article
Ecology Other No Introduced Schuttler et al. (2010) Article
Ecology Other No Introduced Schuttler et al. (2018) Article
Ecology Other No Introduced Scofield and Reyes-Arriagada (2013) Article
Ecology Other No Native Sears et al. (2003) Article
Physiology Other No Native Segade (2003) Article
Physiology | Muskrat No Introduced Sergina et al. (2015) Article
Ecology Muskrat No Native Shier and Boyce (2009) Article
Ecology Muskrat No Native Sietman et al. (2003) Article
Ecology Other No Introduced Silva and Saavedra (2008) Article
Ecology Other No Introduced Simberloff (2009) Article
Disease Other No Introduced Simpson et al. (2008) Article
Management | Other No Introduced Singleton et al. (2007) Article
Ecology Other No Introduced Singleton et al. (2008) Article
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Context Focus | EE or KS Status Authors Type
Ecology Other No Native Sinkins (2008) Thesis
Management | Muskrat No Native Skinner and Skinner (2008) Article
Ecology Muskrat No Introduced Skyriene and Paulauskas (2012) Article
Management | Muskrat No Native Sleeman et al. (1997) Article
Ecology Muskrat No Introduced Smirnov and Tretyakov (1998) Article
Disease Other No Native Smith and Frenkel (1995) Article
Physiology Other No Introduced Spataru et al. (2013) Article
Management | Other No Native Starking-Szymanski et al. (2018) Article
Ecology Other No Native Stoffyn-Egli and Willison (2111) Article
Physiology | Muskrat No Native Streeby and McKean (1994) Article
Physiology Other No Native Sulaiman et al. (2003a) Article
Physiology Other No Native Sulaiman et al. (2003b) Article
Ecology Other No Native Sundaram et al. (2013) Article
Ecology Other No Native Swanson and Johnson (1999) Article
Ecology Other No Native Swarth et al. (2013) Article
Management | Other No Native Takacs et al. (2001) Article
Ecology Other No Native Tapisso et al. (2013) Article
Physiology | Muskrat No Native Tasikas et al. (2009) Article
Ecology Other No Native Taylor et al. (2009) Article
Ecology Other No Native Timoney et al. (1997) Article
Ecology Muskrat EE Native Toner et al. (2010) Article
Ecology Other No Introduced Tornberg and Haapala (2013) Article
Disease Muskrat No Introduced Tsoi et al. (2008) Article
Management | Muskrat No* Native Turner et al. (2018) Article
Management | Muskrat No Introduced Tuyttens and Stuyck (2002) Article
Ecology Other No Native Tyndall (2011) Article
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Context Focus | EE or KS Status Authors Type
Ecology Muskrat No Native Tyrrell and Hornbach (1998) Article
Disease Muskrat No Introduced Umbhang et al. (2013) Article
Ecology Other No Introduced Valenzuela et al. (2013) Article
Ecology Other No Introduced Valenzuela et al. (2014) Article
Ecology Other No Native Van Den Wyngaert and Bobbink (2009) | Chapter
Ecology Other No Native Van der Valk and Davis (1978) Article
Ecology Other No Introduced Van Erp et al. (2018) Chapter
Management | Muskrat No Introduced Van Loon et al. (2017) Article
Ecology Other No Introduced Vermaat et al. (2016) Article
Ecology Other No Introduced Vila et al. (2010) Article
Ecology Muskrat No Native Viljugrein et al. (2001) Article
Ecology Muskrat No Native Virgl and Messier (1997) Article
Ecology Muskrat No Native Virgl and Messier (2000) Article
Ecology Other No Native Visser et al. (2006) Article
Ecology Other No Native Voslamber and Vulink (2010) Article
Ecology Muskrat No Native Wainscott et al. (1990) Article
Ecology Muskrat No Native Ward and Gorelick (2018) Article
Disease Muskrat No Native Webb and Woods (2001) Article
Management | Muskrat No Native Wesson (1977) Article
Ecology Other No Native Whigham et al. (2009) Chapter
Ecology Other No Native Whyte et al. (2008) Article
Disease Other No Native Wilkes et al. (2013) Article
Ecology Muskrat No Native Williamson and Clark (2011) Article
Management | Muskrat No Native Wlosinski and Wlosinski (1998) Report
Disease Other No Native Wobeser et al. (2009) Article
Management | Other No Native Wywialowski (1999) Article
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Context Focus | EE or KS Status Authors Type
Physiology | Muskrat No Native Xie et al. (2019) Article
Management | Other No Introduced Xu et al. (2006) Article
Ecology Muskrat No Native Yao et al. (2000) Article
Ecology Muskrat No Introduced Zachos et al. (2007) Article
Ecology Other No Native Zadnik et al. (2009) Article
Ecology Other No Introduced Zalewski and Bartoszewicz (2012) Article
Ecology Other No Introduced Zalewski et al. (2111) Article
Ecology Muskrat No Native Zhang et al. (2003) Article
Physiology | Muskrat No Captive Zhang et al. (2016) Article
Physiology | Muskrat No Captive Zhang et al. (2016b) Article
Physiology | Muskrat No Captive Zhang et al. (2017a) Article
Physiology | Muskrat No Captive Zhang et al. (2017Db) Article
Physiology | Muskrat No Captive Zhang et al. (2017c) Article
Physiology | Muskrat No Native Zhao et al. (2018) Article
Disease Other No Native Zhou et al. (2004) Article
Physiology Other No Native Zuercher et al. (1999) Article
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Appendix B

Supplementary Material for Chapter 2

Table B.1: Complete model set for muskrat and mink occupancy and detection

The complete model set for single-season models for detection and wetland occupancy probabilities of
muskrats (Ondatra zibethicus) and American mink (Neogale vison) in Kansas, USA, from 2019-2020.
AAICc (Akaike’s information criterion corrected for small sample sizes) = difference between the model of
interest and the model with the lowest AICc value, w = model weight, —2] = —2(Log likelihood), and K =
number of parameters in each model. Detection covariates included ‘Observer’ (three covariates, one for
each observer compared to a baseline observer), ‘Date’ (day of year, out of 365), ‘Year’ (2019 and 2020),
and ‘Precipitation’ (total amount of rain [cm] seven days prior to survey). Occupancy covariates included
‘SHDI’ (Shannon diversity index of wetland plants), ‘Size’ (PCA for wetland surface area and depth),
‘Wood’ (percent cover of woody vegetation), ‘Watershed’ (area of wetland-specific watershed [ha]),
‘Distance’ (distance to nearest permanent waterbody [m]), ‘Agriculture’ (proportion of row-crop
agriculture landcover within a 5 km circular buffer), ‘Prairie’ (proportion of tallgrass prairie within a 5 km

circular buffer), and ‘Forest’ (proportion of forest landcover within a 5 km circular buffer).

Species Type Model AAICc | w -21 K
Muskrat | Detection Observer + Date* 0.00 | 0.24 | 34530 | 6
Observer + Date + Year 0.89 0.16 | 344.19 | 7

Observer 4+ Date + Precipitation 1.00 0.15 | 344.30 | 7

Observer 1.39 0.12 | 348.69 | 5

Observer + Date + Year + Precipitation 1.73 0.10 | 343.03 | 8

Observer + Precipitation 2.04 0.09 | 34734 | 6
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Species Type Model AAICc | w -21 K
Observer + Year 3.07 0.05 | 348.37 | 6

Observer + Precipitation + Year 3.58 0.04 | 346.88 | 7

Date 5.28 | 0.02 | 356.58 | 3

Date + Precipitation 6.29 0.01 | 355.59 | 4

Date + Year 7.28 0.01 | 356.58 | 4

Date + Precipitation + Year 8.28 0.00 | 355.58 | 5

Null 8.68 | 0.00 | 361.98 | 2

Year 8.82 | 0.00 | 360.12 | 3

Precipitation 8.91 0.00 | 360.21 | 3

Precipitaiton + Year 9.49 0.00 | 358.79 | 4

Muskrat | Occupancy SHDI + Size + Watershed 0.00 0.24 | 306.21 | 9
SHDI + Size + Watershed + Distance 1.05 0.14 | 305.26 | 10
SHDI + Size + Watershed + Agriculture 1.40 0.12 | 305.61 | 10
SHDI + Size + Watershed + Prairie 1.74 ] 0.10 | 305.95 | 10
SHDI + Size + Watershed + Forest 1.85 0.09 | 306.06 | 10
SHDI + Size 2.62 | 0.06 | 310.83 | 8

SHDI + Size + Agriculture 3.13 | 0.04 | 309.34 | 9

SHDI + Size + Distance 3.54 0.04 | 309.75 | 9

SHDI + Size + Prairie 3.63 | 0.03|309.84 | 9

SHDI + Size + Agriculture 4+ Distance 4.30 | 0.02 | 308.51 | 10
SHDI + Watershed 432 | 0.02 | 31253 | 8

SHDI + Size + Forest 4.44 ] 0.02 | 310.65 | 9

SHDI + Size + Distance + Prairie 4.60 0.02 | 308.81 | 10
SHDI + Size + Agriculture + Forest 5.05 0.02 | 309.26 | 10
SHDI + Watershed + Distance 6.74 0.01 | 310.95 | 10

SHDI + Watershed + Distance + Agriculture 7.11 0.01 | 311.32 | 10

Continued on next page...

97




Table B.1 — Continued from previous page

Species Type Model AAICc | w -21 K
SHDI + Watershed + Distance + Prairie 7.27 |0.01 | 311.48 | 10
SHDI 4+ Watershed + Forest + Prairie 7.47 | 0.01 | 311.68 | 10
SHDI 4+ Watershed + Forest + Agriculture 7.50 0.01 | 311.71 | 10
SHDI 11.09 | 0.00 | 321.30 | 7

SHDI + Forest 11.69 | 0.00 | 319.90 | 8

SHDI + Distance 11.72 | 0.00 | 319.93 | 8

SHDI + Agriculture 11.97 | 0.00 | 320.18 | 8

SHDI + Forest + Distance 12.75 | 0.00 | 318.96 | 9

SHDI + Prairie 12.82 | 0.00 | 321.03 | 8

SHDI + Distance + Agriculture 12.86 | 0.00 | 319.07 | 9
SHDI + Forest + Agriculture 13.43 | 0.00 | 319.64 | 9

SHDI + Distance + Prairie 13.49 | 0.00 | 319.70 | 9

SHDI + Forest + Prairie 13.62 | 0.00 | 319.83 | 9

SHDI + Forest + Distance + Agriculture 14.51 | 0.00 | 318.72 | 10
SHDI + Forest + Distance + Prairie 14.68 | 0.00 | 318.89 | 10
Size + Watershed 19.05 | 0.00 | 327.26 | 8

Size + Watershed + Forest 19.81 | 0.00 | 326.02 | 9

Size + Watershed + Agriculture 20.25 | 0.00 | 326.46 | 9

Size + Watershed + Distance 20.35 | 0.00 | 326.56 | 9

Size + Watershed + Prairie 21.03 | 0.00 | 327.24 | 9

Size + Watershed + Forest + Distance 21.34 | 0.00 | 325.55 | 10
Size + Watershed + Forest + Agriculture 21.68 | 0.00 | 325.89 | 10
Size + Watershed + Agriculture + Distance 21.68 | 0.00 | 325.89 | 10
Size + Watershed + Forest + Prairie 21.81 | 0.00 | 326.02 | 10
Size + Watershed + Distance + Prairie 22.32 | 0.00 | 326.53 | 10
Size 22.59 | 0.00 | 332.80 | 7
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Species Type Model AAICc | w -21 K
Size + Agriculture 22.70 | 0.00 | 330.91 | 8

Watershed + Forest 23.36 | 0.00 | 331.57 | 8

Size + Forest 23.50 | 0.00 | 331.71 | 8

Size + Distance 23.90 | 0.00 | 332.11 | 8

Watershed 23.92 | 0.00 | 334.13 | 7

Size + Prairie 24.08 | 0.00 | 332.29 | 8

Size 4+ Agriculture + Distance 24.18 | 0.00 | 330.39 | 9

Size + Agriculture + Forest 24.55 | 0.00 | 330.76 | 9
Watershed + Forest + Distance 24.93 | 0.00 | 331.14 | 9
Watershed + Forest + Prairie 25.04 | 0.00 | 331.25 | 9
Watershed + Distance 25.15 | 0.00 | 333.36 | 8

Size + Forest + Prairie 25.19 | 0.00 | 331.40 | 9
Watershed + Forest + Agriculture 25.31 | 0.00 | 331.52 | 9
Size + Distance + Prairie 25.36 | 0.00 | 331.57 | 9
Watershed + Agriculture 25.53 | 0.00 | 333.74 | 8
Watershed + Prairie 25.81 | 0.00 | 334.02 | 8

Size 4+ Forest + Distance 25.90 | 0.00 | 332.11 | 9

Size 4+ Agriculture + Forest 4+ Distance 26.09 | 0.00 | 330.30 | 10
Watershed + Forest + Distance + Prairie 26.61 | 0.00 | 330.82 | 10
Size + Forest + Distance + Prairie 26.69 | 0.00 | 330.90 | 10
Watershed + Distance + Agriculture 26.86 | 0.00 | 333.07 | 9
Watershed + Forest + Distance + Agriculture | 26.86 | 0.00 | 333.07 | 10
Watershed + Distance + Prairie 27.04 | 0.00 | 333.25 | 9
Forest 32.16 | 0.00 | 342.37 | 7

Null 33.09 | 0.00 | 345.30 | 6

Agriculture 33.59 | 0.00 | 343.80 | 7

Continued on next page...

99




Table B.1 — Continued from previous page

Species Type Model AAICc | w -21 K
Forest + Distance 33.77 | 0.00 | 341.98 | 8

Forest + Agriculture 34.00 | 0.00 | 342.21 | &

Forest + Prairie 34.16 | 0.00 | 342.37 | 8

Distance 34.32 | 0.00 | 34453 | 7

Agriculture 4+ Distance 3498 | 0.00 | 343.19 | 8

Prairie 35.01 | 0.00 | 345.22 | 7

Forest + Distance + Agriculture 35.61 | 0.00 | 341.82 | 9

Forest 4+ Distance + Prairie 35.77 1 0.00 | 341.98 | 9

Distance + Prairie 36.22 | 0.00 | 34443 | 8

Mink Detection Precipitation + Date 0.00 0.59 | 505.25 | 4
Precipitation + Date + Year 1.29 0.31 | 504.54 | 5

Precipitation + Date + Observer 4.36 0.07 | 503.61 | 7

Precipitation 4+ Date + Year + Observer 5.91 0.03 | 503.16 | 8

Precipitation + Year 13.43 | 0.00 | 518.68 | 4

Precipitation 14.45 | 0.00 | 521.70 | 3

Precipitation 4+ Observer 15.22 | 0.00 | 516.47 | 6

Precipitation + Year + Observer 17.22 | 0.00 | 516.47 | 7

Date + Year 3749 | 0.00 | 542.74 | 4

Date 37.85 | 0.00 | 545.10 | 3

Date 4+ Observer 40.87 | 0.00 | 542.12 | 6

Date + Year + Observer 42.34 | 0.00 | 541.59 | 7

Year 71.55 | 0.00 | 578.80 | 3

Observer 74.03 | 0.00 | 577.28 | 5

Year + Observer 75.67 | 0.00 | 576.92 | 6

Null 80.36 | 0.00 | 589.61 | 2

Mink Occupancy Distance + Forest + Prairie 0.00 0.10 | 495.13 | 7
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Species Type Model AAICc | w -21 K
Distance + Forest + Prairie + Wood 0.43 0.08 | 493.56 | 8
Distance 4 Forest 4+ Prairie + SHDI 1.68 0.04 | 494.81 | 8

Distance + Forest 4+ Prairie 4+ Size 1.99 0.04 | 495.12 | 8
Distance 4 Forest + Wood 2.08 0.04 | 49721 | 7
Distance + Forest 2.08 0.04 | 499.21 | 6

Wood + Forest + Prairie 2.13 0.04 | 49726 | 7
Forest + Prairie 2.25 0.03 | 499.38 | 6

Distance + Prairie 3.16 0.02 | 500.29 | 6

Wood + Forest 3.20 0.02 | 500.33 | 6

Distance + Prairie + Wood 3.42 0.02 | 498.55 | 7
Distance 4+ Forest + Agriculture 3.45 0.02 | 49858 | 7
Distance + Wood 3.54 0.02 | 500.67 | 6
Distance 3.57 0.02 | 502.70 | 5

Wood 3.58 0.02 | 502.71 | 5

Wood + Prairie 3.60 | 0.02 | 500.73 | 6

Distance 4+ Forest + Wood + Agriculture 3.61 0.02 | 496.74 | 8
Forest 3.77 0.02 | 502.90 | 5

Distance + Forest + SHDI 3.80 0.02 | 49893 | 7
Prairie 3.83 0.02 | 502.96 | 5

Distance + Forest + Size 3.91 0.01 | 499.04 | 7
Distance 4+ Forest + Wood + SHDI 3.98 0.01 | 497.11 | 8
Forest + Prairie + SHDI 4.07 0.01 | 499.20 | 7
Distance 4+ Forest + Wood + Size 4.07 0.01 | 497.20 | 8
Wood + Forest + Prairie + SHDI 4.07 ] 0.01 | 497.20 | 8
Wood + Forest + Prairie + Size 4.07 | 0.01 | 497.20 | 8
Null 4.12 0.01 | 505.25 | 4
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Species Type Model AAICc | w -21 K
Forest 4 Prairie 4 Size 4.24 0.01 | 499.37 | 7
Distance + Prairie 4+ Size 4.77 0.01 | 499.90 | 7

Wood + Forest + Agriculture 4.81 0.01 | 499.94 | 7
Distance + Size 4.98 0.01 | 502.11 | 6

Distance + Prairie + SHDI 5.00 0.01 | 500.13 | 7
Wood + Forest + SHDI 5.17 | 0.01 | 500.30 | 7
Distance 4 Forest + Agriculture + SHDI 518 | 0.01 | 498.31 | 8
Wood + Forest + Size 5.20 0.01 | 500.33 | 7

Forest 4+ Agriculture 5.21 0.01 | 502.34 | 6

Distance + Prairie + Wood + Size 532 | 0.01 | 49845 | 8
Distance + Wood + Size 5.34 0.01 | 50047 | 7
Distance + Prairie + Wood + SHDI 5.37 0.01 | 498.50 | 8
Distance + Forest + Agriculture + Size 5.37 | 0.01 | 498.50 | 8
Distance + SHDI 543 | 0.01 | 502.56 | 6

Distance + Wood + Agriculture 5.44 0.01 | 500.57 | 7
Wood + Size 548 | 0.01 | 502.61 | 6

Distance + Wood + SHDI 5.50 | 0.01 | 500.63 | 7
Distance 4+ Agriculture 5.52 0.01 | 502.65 | 6

Prairie + Size 5.53 | 0.01 | 502.66 | 6

Wood + Agriculture 5.54 0.01 | 502.67 | 6

Wood + Prairie 4+ Size 5.56 0.01 | 500.69 | 7

Wood + SHDI 5.57 | 0.01 | 502.70 | 6

Wood + Prairie + SHDI 5.58 | 0.01 | 500.71 | 7

Forest + Size 5.62 | 0.01 | 502.75 | 6

Forest + SHDI 5.62 | 0.01 | 502.75 | 6

Size 5.66 | 0.01 | 504.79 | 5
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Species Type Model AAICc | w -21 K
Distance + Forest + SHDI + Size 5.66 0.01 | 498.79 | 8
Prairie + SHDI 5.74 | 0.01 | 502.87 | 6

SHDI 6.05 | 0.01 | 505.18 | 5

Forest + Prairie + SHDI + Size 6.06 | 0.01 | 499.19 | 8
Agriculture 6.11 0.00 | 505.24 | 5

Distance + Prairie 4+ Size + SHDI 6.65 0.00 | 499.78 | 8
Wood + Forest + Agriculture + SHDI 6.77 | 0.00 | 488.90 | 8
Wood + Forest + Agriculture + Size 6.81 0.00 | 499.94 | 8
Distance + Size + SHDI 6.87 | 0.00 | 502.00 | 7
Distance + Size 4+ Agriculture 6.91 0.00 | 502.04 | 7
Forest + Agriculture + SHDI 7.05 0.00 | 502.18 | 7
Forest + Agriculture + Size 7.14 ] 0.00 | 502.27 | 7
Wood + Forest + SHDI + Size 7.17 | 0.00 | 500.30 | 8
Distance + Wood + Size + Agriculture 7.23 0.00 | 500.36 | 8
Distance + Wood + Size + SHDI 7.31 | 0.00 | 500.44 | 8
Distance + SHDI + Agriculture 7.37 | 0.00 | 502.50 | 7
Distance + Wood + Agriculture + SHDI 7.40 0.00 | 500.53 | 8
Wood + Size + Agriculture 7.43 0.00 | 502.56 | 7
Wood + Size + SHDI 7.47 | 0.00 | 502.60 | 7

Prairie + Size + SHDI 7.47 | 0.00 | 502.60 | 7

Forest + SHDI + Size 7.50 | 0.00 | 502.63 | 7

Wood + Agriculture + SHDI 7.53 | 0.00 | 502.66 | 7
Wood + Prairie + Size + SHDI 7.55 | 0.00 | 500.68 | 8
Size + SHDI 7.61 | 0.00 | 504.74 | 6

Size + Agriculture 7.64 0.00 | 504.77 | 6

SHDI + Agriculture 8.04 | 0.00 | 505.17 | 6
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Species Type Model AAICc | w -21
Distance + Size + SHDI + Agriculture 8.80 0.00 | 501.93
Forest + Agriculture + SHDI + Size 9.00 0.00 | 502.13
Wood + Size + Agriculture + SHDI 9.43 | 0.00 | 502.56
Size + SHDI + Agriculture 9.59 0.00 | 504.72
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