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Abstract

Breeding mallard (Anas platyrhynchos) populations in the Great
Lakes region (Michigan, Minnesota, Wisconsin, USA) declined by
>40% between 2000-2022 based on abundance data collected
during spring aerial surveys. Mallards are an important waterfowl
species in this region, where an estimated 60-80% of the mallard
harvest is composed of locally banded birds. Extensive population
monitoring datasets are available for mallards, presenting an
opportunity to address complex questions such as estimating
productivity at large spatial and temporal scales, identifying the
effects of harvest on mallard demography, quantifying mechanisms
for harvest compensation, and integrating multiple datasets to
quantify the demographic drivers of population change. Our
objective was to simultaneously examine factors affecting demo-
graphic parameters and their relative contribution to Great Lakes
mallard population dynamics. We used 32 years of banding, band
recovery, and aerial survey data collected for mallards from
Michigan and Wisconsin to develop an integrated population
model (IPM). We used age ratios at banding to estimate produc-
tivity, band recoveries from hunter-harvested birds to estimate
annual survival and cause-specific mortality (i.e., harvest or non-

hunting), and modeled abundance using aerial survey and
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The first goal of the North American Waterfowl Management Plan (NAWMP) is to maintain abundant and resilient
waterfowl populations to support hunting and other uses (NAWMP 2018). To that end, researchers and managers have
long invested in waterfowl population monitoring and management, with North American waterfowl being some of the
most intensively monitored species in the world (Arnold et al. 2018). At a continental scale, annual waterfowl monitoring
includes aerial surveys to estimate abundance (U.S. Fish and Wildlife Service [USFWS] 2023a), banding and systematic
recording of band recoveries (Celis-Murillo et al. 2022), and waterfowl hunter surveys to estimate quantity and compo-
sition of the annual harvest (Raftovich et al. 2022). This wealth of data allows scientists to predict the effects of
management actions on population dynamics (Cowardin and Johnson 1979), estimate productivity at large spatial and
temporal scales (Specht and Arnold 2018), identify the effects of harvest (Burnham and Anderson 1984, Rexstad 1992),
quantify mechanisms for harvest compensation (Riecke et al. 2022b), and quantify the demographic drivers of population
change (Koons et al. 2017). Integrated population models (IPMs) are particularly well suited to applied population research
when multiple datasets are available to estimate one or more population parameters (Schaub and Abadi 2011).

The application of IPMs in waterfowl research has become more common (Arnold et al. 2018), providing a
framework to jointly analyze >2 datasets that inform population size or structure (Besbeas et al. 2002, Schaub and
Abadi 2011). Benefits from IPMs relative to separate or isolated data analyses can include reduced parameter
uncertainty, the ability to estimate unmonitored parameters, incorporation of uncertainty from multiple sources
in population projection, and increased understanding of relationships between demographic parameters and
abundance (Schaub and Abadi 2011, Arnold et al. 2018, Zipkin and Saunders 2018, Riecke et al. 2022a). Therefore,
the ability to provide insight into complex demographic questions is increasing for well-monitored wildlife species
such as the mallard (Anas platyrhynchos; Wiegers et al. 2022, Roberts et al. 2023).

In North America, mallards have been delineated into 3 populations to facilitate harvest management, which are
defined by breeding geography and administrative flyway. These include eastern, midcontinent, and western mallards
(USFWS 2023b). The midcontinent mallard population is the largest and comprises mallards nesting from the
Northwest Territories in Canada to the Great Lakes region in the United States. The Waterfowl Breeding Population
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and Habitat Survey (WBPHS) and Great Lakes state (Michigan, Minnesota, and Wisconsin, USA) breeding waterfowl|
surveys are conducted annually to estimate breeding abundance of midcontinent mallards (USFWS 2022). Mallard
abundance in the Great Lakes region historically followed the same trend as the remainder of the midcontinent
population (USFWS 2023a). However, prairie-nesting mallard abundance increased following a decline in the early
2000s, whereas mallard abundance in the Great Lakes region continued to decline. Mallard abundance in the Great
Lakes region exceeded 1 million during most years in the late 1990s based on state aerial surveys but had declined to
around 0.5 million in 2023 (USFWS 2023b). Regionally produced mallards are particularly important to hunters in the
Great Lakes region, as an estimated 58-83% of their mallard harvest is derived from mallards banded within the
region (Arnold and De Sobrino 2010). Declining mallard abundance is thus a concern for wildlife management
agencies involved in waterfowl harvest management and those implementing the NAWMP (Soulliere et al. 2017).

Although the causes of Great Lakes mallard population decline are unknown, several factors are of concern and
interest to waterfowl managers, such as the relationship between harvest and abundance. During the early 1990s,
duck hunting regulations were liberalized, reflecting increased duck abundance across North America. Season
lengths increased in the Mississippi Flyway from 30 to 60 days, and in 2011, 2014, and 2020, the female mallard
daily harvest limit increased from 1 to 2 in Minnesota, Michigan, and Wisconsin, respectively. Some stakeholders
voiced concern that liberalization of female mallard harvest was contributing to population decline in the Great
Lakes region (B. A. Avers, Michigan Department of Natural Resources, personal communication), although recent
research suggests harvest is a relatively small component of total mortality in female midcontinent mallards (Riecke
et al. 2022b) and harvest rates were not considered unsustainable for Great Lakes mallards (Singer 2014).

There have also been substantial changes in landscapes used for nesting by mallards and other grassland-nesting
birds in the Great Lakes region. Between 2001 and 2016, the area of developed land, classified as low, medium, and
high intensity developed in the National Land Cover Database (NLCD; Yang et al. 2018) expanded by 338,000 ha (8%
increase) and the area of cultivated cropland increased by 987,000 ha (3% increase) in the Upper Mississippi/Great
Lakes Joint Venture (UMGLJV) region. In contrast, the area of land cover categorized as grassland-herbaceous and
hay-pasture declined by 1.4 million ha (9% decrease; Soulliere et al. 2020). The loss of grassland is expected to reduce
the quantity and quality of upland nesting habitat for mallards. Expansion and intensification of agriculture during this
period, including increasing use of systemic pesticides (i.e., neonicotinoid insecticides), potentially reduces availability
of invertebrate food resources and reproductive capacity for upland and wetland birds, including mallards (Hopwood
et al. 2013, Morrissey et al. 2015, Soulliere et al. 2020). Intensive monitoring of Great Lakes mallards through aerial
population surveys and annual banding provide an opportunity to reduce uncertainty regarding these varied complex
and potentially confounding factors contributing to population decline.

We developed an IPM to identify how ecological and anthropogenic factors affect Great Lakes mallard population
dynamics. Our objectives were to examine factors affecting demographic parameters and their relative contribution to
population growth rate for Great Lakes mallards. We used abundance estimates derived from spring aerial surveys,
estimated productivity from age ratios at banding (Specht and Arnold 2018), and estimated survival, harvest mortality,
and non-hunting mortality probabilities (Riecke et al. 2022b) for female mallards surveyed and banded in Michigan and
Wisconsin from 1991-2022. Among the demographic drivers of population growth rate, we hypothesized that
productivity and adult female survival would be the parameters most strongly linked to population dynamics but
expected productivity to be more annually variable than adult survival (Koons et al. 2014). We predicted harvest

would be a small component of mortality relative to non-hunting mortality (Riecke et al. 2022b).

STUDY AREA

We considered mallards nesting across Michigan and Wisconsin representative of the Great Lakes mallard
component of the midcontinent mallard population and defined these states as the study area. Aerial breeding

waterfowl surveys and annual pre-season (1 July-30 September) mallard banding in Michigan, Minnesota, and
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Wisconsin support monitoring of the Great Lakes component of the midcontinent mallard population
(USFWS 2023a) and contribute to adaptive harvest management models (USFWS 2023b). However, 27% of
Minnesota is within the Prairie Pothole Region (PPR; Bird Studies Canada and North American Bird Conservation
Initiative 2014), where land cover and mallard population dynamics differ from the Great Lakes region (Coluccy
et al. 2008), and aerial surveys for breeding waterfowl cover about 40% of the state (Cordts 2023). Further, a vital
assumption of IPMs is that all data sources are derived from the same population (Schaub and Abadi 2011, Arnold
et al. 2018). To achieve spatial congruence, we used data from mallards surveyed and banded in Michigan and
Wisconsin only and assumed that population demography for this sample was representative of mallards nesting
within Great Lakes states Bird Conservation Regions (BCRs) 12, 22, and 23.

Aerial surveys and mallard banding were conducted in Michigan and Wisconsin and band recoveries from
hunter harvest occurred throughout North America (Figure 1). Michigan and Wisconsin are primarily composed of
BCRs 23 (Prairie Hardwood Transition) and 12 (Boreal Hardwood Transition; Bird Studies Canada and North
American Bird Conservation Initiative 2014). These BCRs are dominated by extensive forests and lakes in the north
(BCR 12) that transition to a landscape of forests, lakes, and herbaceous wetlands mixed with human-modified land
cover types (agricultural and developed) in the south (BCR 23; Soulliere et al. 2017). Regional temperatures
and precipitation are influenced by the Great Lakes and generally consist of cold, snowy winters and hot, humid

summers (Scott and Huff 1996). Moderating lake effects result in wetland conditions that are generally more stable

Banding sites
Females banded
°  1-500
® 501-2,000
® 2,001-7,500
® 7501-15460 [
B

Band recoveries

7 Study area
) |[BCR
' 12 N

: )
0 375 750 1,500
23 Kilometers

FIGURE 1 Female mallard banding locations and effort (total female mallards banded) in Michigan and
Wisconsin, USA, and resulting harvest locations of banded mallards, 1991-2022. The Michigan and Wisconsin
study area is shown in relation to Bird Conservation Regions (BCRs) within the Upper Mississippi/Great Lakes Joint
Venture region.
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and less seasonally dynamic than in the midcontinent prairies and parklands (Euliss et al. 2004, Simpson et al. 2005).
Mallards were the most abundant nesting duck in the Great Lakes region (USFWS 2023a) and nesting densities
were estimated to be greatest in BCR 23 (Soulliere et al. 2017).

METHODS

We developed an IPM to examine factors affecting annual survival and productivity and the influence of these
demographic parameters on population growth rate of Great Lakes mallards. Additionally, we estimated annual
harvest mortality and non-hunting mortality probabilities to determine the relative contribution of cause-specific
mortality to annual survival (Riecke et al. 2022b). We derived annual productivity indices from female age ratios at
banding (Specht and Arnold 2018). We estimated abundance as a function of annual survival and productivity and
using information from aerial survey abundance estimates. We assumed that emigration and immigration were
negligible at the spatial scale of this analysis (Lavretsky and Sedinger 2023, Luukkonen 2024).

Banding, recovery, population, and habitat survey data

Annually during April and May, pilots flew stratified random transects with fixed wing aircraft in Michigan and
Wisconsin and trained observers recorded waterfowl and wetland counts according to the WBPHS protocol
(USFWS 1987). Visibility correction factors accounted for imperfect detection from the fixed wing aircraft via a
modified ground count method in Wisconsin (March et al. 1973) and via helicopter surveys in Michigan (Soulliere
and Chadwick 2003). These surveys provide estimates of total abundance of waterfowl species (Smith 1995), and
total wetlands suitable for waterfowl on a statewide scale (USFWS 2023b). We modeled true wetland (pond)
abundance (P;) in year t in a state-space framework as an auto-regressive process where the sum of observed
wetland counts in Michigan and Wisconsin (v;) was normally distributed with observation variance (o3 ,p) and true

wetland abundance in the next year was a function of current wetland abundance and process variance (og):
Vi ~ NormaI(Pt, ogvobs)
Pesq ~ NormaI(Pt, 0%)
op ~ Uniform(0, 5)
Op, obs ~ Uniform(0, 10)

We obtained banding and recovery data for mallards marked in Michigan and Wisconsin during 1991-2022
from the United States Geological Survey (USGS) Bird Banding Laboratory (BBL) Gamebirds database
(Celis-Murillo et al. 2022). Researchers captured mallards from 1 July to 30 September using baited traps,
rocket nets, night-lighting, and by hand. Researchers identified age and sex of birds using plumage
characteristics (Carney 1992) and banded them with a size 7 USGS aluminum leg band. We included female
mallards released in the same 10-minute block (standard spatial areas used by USGS BBL that are 10 minutes
of latitude by 10 minutes of longitude) as captured (BBL status code = 003) and marked with standard alu-
minum or control bands (i.e., standard bands paired with reward bands in studies to estimate band reporting
probability) in analyses (we excluded birds marked with transmitters and blood-sampled birds from analyses).
We retained only hunter-harvested band recoveries (BBL how obtained code = 01) to enable estimation of
cause-specific mortality hazard rates (Riecke et al. 2022b).
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Survival and mortality models

We first modeled time-specific harvest (h, ) and non-hunting (hy, ;) mortality hazard rates for each age class
(a; adult = AHY [after hatching year], juvenile = HY [hatching year]). Hazard rates are the instantaneous intensity of
lethal events that individuals are exposed to in continuous time and are measured on a ratio scale. Hazard rates are
particularly useful when modeling competing risks (Chiang 1991) of mortality (e.g., harvest vs. non-hunting) and
when modeling the effects of covariates on mortality (Ergon et al. 2018). Whereas harvest mortality occurs only
during the hunting season, non-hunting mortality could occur throughout the annual cycle. We partitioned mortality
sources by assuming the majority of female mallard non-hunting mortality occurred outside of the hunting season,
primarily during the nesting and brood-rearing periods (Hoekman et al. 2002, Arnold et al. 2012). We predicted that
non-hunting mortality hazard rate would be affected by annual wetland abundance (Devries et al. 2003) and mallard
abundance (N;; Riecke et al. 2022b), where n, subscripts denoted B parameter estimates correspond to non-hunting

mortality hazard rate and are age (a) specific, and €, represented random error:

log(hn, ta) = Bnai + Bnaz x Py + BnaS x N +€n,

We were also interested in determining the effects of the total number of duck hunters in Michigan and
Wisconsin (Hy), an index of harvest regulations (R;), and mallard abundance on female mallard harvest mortality
hazard rate, where K, subscripts denoted age-specific 3 parameter estimates for harvest mortality hazard rate, and

g, represented random error:

Iog(hk, ta) = BKal + BKaZ X Hi + E’KaS x Ni + BK34 x Ry + €k,

We retrieved annual estimates of duck hunter abundance provided by the Harvest Information Program (HIP)
in Michigan and Wisconsin (Raftovich et al. 2022). To characterize female mallard harvest regulations, we deve-
loped a harvest regulation index as the duck hunting season length in days multiplied by the female mallard daily
harvest limit in each state (Luukkonen et al. 2021), then summed the values for Michigan and Wisconsin. Thus,
higher values of the harvest regulation index indicated more liberal female mallard harvest regulations (longer
seasons and higher daily limits). We z-standardized all mortality hazard rate covariates. We used the following priors
for regression parameters in the non-hunting and harvest mortality hazard rate models so likely B parameter means
were between -6.2 and 6.2 on the log scale (Lemoine 2019):

B ~ Normal(0, 100)
og ~ Uniform(0, 2)
€ ~ Normal(0, o)
oe ~ Uniform(0, 2)

We then estimated annual survival probability (S; the probability that an individual alive at banding in year i is alive
at banding in year i + 1) for each age class (a) using the Brownie dead recovery parameterization, with banding release
and recovery data in an m-array format with cell probabilities a function of survival and recovery probabilities (Brownie
et al. 1978). First, we converted harvest mortality hazard rate to annual harvest mortality probability (k¢,; the prob-

ability an individual alive in year t is shot and killed by a hunter during the duck hunting season in year t):

K, = 1 - et
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We calculated non-hunting mortality probability (n:,) conditional on surviving harvest (Riecke et al. 2022b):

Nt, = (1- Kta) x (1 - ehn, ta)

We estimated annual band recovery probability (f,), or Brownie dead recovery probability (Brownie
et al. 1978), as the probability a banded individual alive in year t is shot, retrieved (1 - c), and the band is reported
(pt) to the BBL:

fta = Kta(l - O)pt

We assumed a time-constant wounding loss for unretrieved hunter-shot birds of ¢ = 0.2 (Anderson and
Burnham 1976, Ellis et al. 2022, USFWS 2023b), used estimates of mallard band reporting probability (p) from
1991-2016 from Arnold et al. (2020), and used pyg17 = 0.833 (SD = 0.03), p2g1g = 0.84 (0.03), p2o19 = 0.849 (0.03),
P2020 = 0.898 (0.03), poo21 = 0.906 (0.03), and pogre = 0.906 (0.03) from a recent reward band analysis
(P. Garrettson and S. Boomer, U.S. Fish and Wildlife Service, unpublished data). Finally, we used non-hunting and
harvest mortality hazard rates to calculate annual survival probability:

Sta = e’(hK, tathn, ta)

Productivity model

We defined mallard productivity (y;) as the ratio of juvenile females to adult females captured and banded (Specht
and Arnold 2018, Riecke et al. 2022b) during pre-season banding (1 July-30 September). However, we modeled the
proportion of juvenile females captured and banded (J) because this parameterization was bounded between 0 and
1 and allowed J at a given banding site to be modeled as a binomial random variable weighted by the total number
of mallards banded annually at a given site, thus accounting for spatial and temporal variation in banding effort
(Specht and Arnold 2018).

_ juvenile females
juvenile females + adult females

Proportion juveniles can be converted to the traditional productivity estimate of juvenile females per adult
female (y):

If capture probability is equal for juvenile and adult females, we obtain a direct estimate of productivity. If
capture probability varies by age, for example if juveniles were more susceptible to capture, vy is an unbiased index
of fecundity as long as capture probability varies randomly across years and sites, and independently of covariates
(Specht and Arnold 2018). We assumed y was an unbiased index of productivity and thus accounted for spatial and
temporal variation in captures using fixed and random effects. We modeled J with a mixed-effects logistic
regression model.

We predicted that z-standardized annual mallard and wetland abundance could influence productivity and
considered 2 banding site-level (b) covariates. We included z-standardized banding site latitude (L) to account for
potential latitudinal variation in productivity. Michigan and Wisconsin account for the northern 30% of the
UMGLJV region, where periodic landscape change and bird habitat assessments have been completed. A recent
Joint Venture evaluation documented loss of an estimated 1.4 million ha of grassland and hay-pasture between
2001-2016 (Soulliere et al. 2020). To annualize change in potential production habitat, we included the
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z-standardized area (G;) in Michigan and Wisconsin enrolled in the United States Department of Agriculture's
(USDA) Conservation Reserve Program (CRP) as an index of regional grassland abundance (Reynolds et al. 2001) to
assess if productivity was related to loss of grassland nesting habitat (U.S. Department of Agriculture 2024). In the
UMGLJV region, CRP consists of largely herbaceous upland cover, with >80% considered beneficial to grassland-
nesting birds (Soulliere et al. 2020).

We hypothesized that mallards using urban areas would have lower productivity related to the greater prev-
alence of wild x game-farm mallard hybrids at developed sites (Luukkonen 2024); however, other factors could also
result in reduced mallard productivity in urban settings. Thus, we used the proportion of developed land cover (Uy),
classified as developed open space or low, medium, and high intensity developed in the 2021 NLCD database
(Dewitz 2023), in a 7-km radius (Luukkonen 2024) of each banding site as a site covariate:

IOgit(Jt,b) = ﬁvl + BVZ X Ub + Bv3 x I-b + Bv4 x Nt + BVS X Pt + Bvé x Gt + Ep

We modeled all productivity coefficients as normal random variables with priors of u = 0 and o = 2, resulting in
likely B parameter means between -3.9 and 3.9 on the logit scale. Priors on coefficient standard deviations were

uniform from O to 5. The residual random effect of banding site and year (g1,) was considered normal:

Etp ~ NormaI(O, oﬁ)
otp ~ Uniform(0, 5)

Use of age ratios to estimate fecundity assumes that banding captures and capture methods do not target
mallards of a specific age, or that the ratio of juveniles per adult in the banded sample is representative of the ratio
in the population. While we were unaware of any age-specific banding operations, we excluded any combination of
banding site and year where only adults or only juvenile female mallards were banded (Specht and Arnold 2018),
which totaled 163 site-year combinations, or 1.3% of banded female mallards.

Abundance model

We modeled an index of annual mallard abundance in Michigan and Wisconsin where the mallard abundance index
in the next year equals the number of adult (AHY) females alive in the current year that survive to the next year,
plus the number of juvenile (HY) females that are produced and survive to the next year:

Nir1 = Ne(1 = Kany — Nany) + (Ne X v)(1 = Kay, = May)

We considered the sum of estimated mallard abundance in Michigan and Wisconsin from spring breeding aerial

surveys (y;) to be normally distributed around a mean of true mallard abundance with observation variance (0% obs):

Y ~ NormaI(Nt, oaobs)
Oy, obs ~ Uniform(0, 2)

We did not separately estimate abundance by sex or the proportion of the female population composed of
adult and of juvenile female mallards. We expected females in their second or subsequent nesting season to have
higher productivity (Coluccy et al. 2008, Devries et al. 2008), although productivity estimates using the ratio of

juvenile to adult females provide an aggregate index of productivity across all female ages. Further, aerial survey
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observations do not distinguish between juvenile and adult females. Therefore, our population model provided
annual indices of total breeding abundance of adult and juvenile females combined. Aerial survey abundance
estimates included male mallards (paired and unpaired; Smith 1995), but we assumed males outnumbered females
(Alisauskas et al. 2014) and were non-limiting, and that population abundance estimates provided an index of total
female mallard abundance (Riecke et al. 2022a, b). Finally, we estimated annual population growth rate (\;) as a

derived parameter:

_ Neg

S

Model implementation

We fit all models using Bayesian Markov chain Monte Carlo (MCMC) in JAGS (Plummer 2003) through program R
(R Core Team 2022) using package jagsUIl (Kellner 2016). We sampled 3 chains for 500,000 iterations, including
250,000 burn-in iterations and retained every twenty-fifth iteration. We checked that all posterior distributions had
R < 1.01 (Brooks and Gelman 1998) and inspected trace plots to assess convergence. We report medians of
posterior distributions and 95% credible intervals unless otherwise indicated and the proportion of the posterior
distribution on the same side of zero as the mean (u) as an estimate of the probability that a coefficient is greater
than or less than 0. When 95% credible intervals included zero, we assessed evidence for a weak relationship when
lul > 0.7.

RESULTS

There were 30,148 adult and 70,128 juvenile female mallards banded during the pre-season period in Michigan and
Wisconsin from 1991-2022. The mean number of female mallards banded per year was 942 (range = 219-1819)
and 2,192 (range = 763-3183) for adults and juveniles, respectively. Female mallards were captured at 316 sites
throughout the study area. Hunters recovered and reported 3,752 adult and 12,167 juvenile female mallards with
bands (Figure 1). Indices of mallard abundance (in 100,000 s) increased from 5.16 (3.78, 6.87) in 1991 to 7.43 (5.11,
9.35) in 2000, then declined to 3.41 (1.18, 5.76) in 2022.

The area in Michigan and Wisconsin enrolled in CRP during 1991-2022 peaked in the 1990s and declined after
the early 2000s (Figure 2). Pond counts during 1991-2022 spring breeding waterfowl surveys were variable but
increased beginning around 2015 (Figure 2). The number of duck hunters during this period increased to a peak in
the early 2000s then declined to lows comparable to the early 1990s (Figure 2). Duck hunting season lengths
increased from 30 days in 1991 to the first 60-day season in both Michigan and Wisconsin in 1997 and remained
60 days throughout the rest of the study period. The female mallard daily limit increased from 1 to 2 females in
Michigan in 2014 and in Wisconsin in 2020, representing a general liberalization of regulations from 1991-2022
(Figure 2). Spring mallard abundance estimates from aerial surveys were positively correlated with CRP area
(r=0.758) and hunter abundance (r=0.521), and negatively correlated with pond abundance (r=-0.315) and the

harvest regulation index (r = -0.615).
Survival and mortality
Adult female mallard survival probability estimates steadily declined from 0.56 (0.52, 0.61) to 0.47 (0.41, 0.53)

during 1991-2022, while juvenile female mallard survival declined from 0.52 (0.45, 0.59) to 0.45 (0.36, 0.54) during

the study (Figure 3). Adult female mallard harvest mortality probability estimates remained relatively constant
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FIGURE 2 Annual hectares enrolled in the Conservation Reserve Program (CRP) within Michigan and
Wisconsin, USA, duck hunting regulation indices (season length x female mallard daily bag limit in Michigan +
Wisconsin), pond (wetland) counts from spring breeding waterfowl aerial surveys, and total licensed duck hunters in
Michigan and Wisconsin, 1991-2022. Point color represents total estimated mallard abundance in Michigan and
Wisconsin from the spring breeding waterfowl surveys. The CRP hectares, ponds, duck hunters, and mallard
abundance scales are in 100,000s and vary by panel.

(range = 0.09-0.13), while non-hunting mortality steadily increased from 0.32 (0.27, 0.36) to 0.43 (0.37, 0.50).
Juvenile female mallard harvest (range = 0.15-0.27) and non-hunting mortality (range = 0.24-0.44) increased
initially, but harvest mortality declined beginning in 2010 while non-hunting mortality continued to increase
(Figure 3).

Adult female non-hunting mortality was negatively related to mallard abundance (Bnany2 = -0.08 [-0.13,
-0.03]; u=1.00) and directly to pond abundance (B, anv,3 = 0.04 [-0.02, 0.10]; v =0.91). Juvenile female non-
hunting mortality was negatively related to mallard abundance (B, hy,2 = -0.16 [-0.26, -0.06]; v =1.00) and was
weakly related to pond abundance By 1y,3 = ~0.07 [-0.07, 0.03]; v =0.92). Adult female harvest mortality was not
strongly related to hunter abundance (B¢any2 = 0.01[-0.05,0.08]; u=0.66) or mallard abundance (BqaHv.3 =
-0.02 [-0.09,0.06]; u=0.66), and there was a weak negative relationship with duck hunting regulations (B, any.4 =
-0.05[-0.12,0.03]; u=0.90). Juvenile female harvest mortality was most strongly related to hunter abundance
(Bxny2 = 0.13[0.05,0.21]; v =1.00), negatively related to mallard abundance (B, ny,3 = -0.06 [-0.15,0.04]; wu=
0.89), and was unrelated to harvest regulations (B ny4 = -0.05[-0.12, 0.03]; u=0.56; Table 1). Changes in the
number of duck hunters and increases in duck hunting season lengths and female mallard daily harvest limits

did not result in changes to adult female harvest mortality (Table 1; Figure 3). The increase in duck hunters
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FIGURE 3 Posterior medians (lines) and 95% credible intervals (shaded regions) of annual survival (S), non-
hunting (n) mortality, and harvest (k) mortality probabilities for adult (AHY) and juvenile (HY) female mallards
banded in Michigan and Wisconsin, USA, 1991-2022.

corresponded to an increase in juvenile female harvest mortality, although harvest mortality then declined with
hunter numbers and did not substantially change with the increase from a 1 to 2 female mallard daily limit in
Michigan and Wisconsin (Table 1; Figure 3). Non-hunting mortality was on average 4.4 (range = 3.5-6.6) times
greater and 2.6 (range = 1.3-4.2) times greater than harvest mortality for adult and juvenile female mallards,

respectively.

Productivity

Productivity estimates varied with temporal and spatial factors during the study (Table 1; Figure 4). Annual produc-
tivity indices increased from 1991 into the early 2000s, then generally declined (Figure 5). Productivity increased
with latitude (8,3 =0.25[0.15,0.35]) and was higher in years when more area was enrolled in CRP (8,6 =
0.25 [-0.31, 0.70]), though most CRP enrollment was likely in the southern portion of the study area where cultivated
cropland is a dominate land cover (U.S. Department of Agriculture 2024). Productivity declined with an increasing
proportion of developed land cover within a 7-km radius of banding sites (3, = -1.02 [-1.50, -0.55]), increasing
mallard abundance (8,4 = -0.14 [-0.26, -0.02]), and increasing pond abundance (8,5 = -0.38 [-0.69, -0.31]). Thus,
for the average annual mallard abundance, pond abundance, and CRP area, per capita productivity was estimated to be

lowest at developed sites in the southern Great Lakes region (Figure 4).
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TABLE 1 Regression coefficient () medians, 95% credible intervals (CRI), and the proportion of the posterior
distribution on the same side of zero as the mean (u) for models estimating parameters for adult (AHY) and juvenile
(HY) female mallards in Michigan and Wisconsin, USA, during 1991-2022: non-hunting mortality hazard rate (hy;
log-link), harvest mortality hazard rate (h; log-link), and age ratio (J; proportion juveniles; logit-link). Covariates
include z-standardized mallard abundance (N), wetland abundance (P), waterfowl hunter abundance (H), duck
hunting regulation index (R), proportion urban land cover (U) at banding sites (b), banding site latitude (L), and
annual hectares of land enrolled in the Conservation Reserve Program in Michigan and Wisconsin (G).

B Response Predictor Median Lower 95% CRI Upper 95% CRI u
BrAHY,1 P, tany Intercept -0.71 -0.77 -0.67

Bn, AHY,2 hn, tany N -0.08 -0.13 -0.03 1.00
Bn,AHY,3 hn, tany P 0.04 -0.02 0.10 0.91
B, Hy,1 hn, ty Intercept -0.51 -0.62 -0.41

B, Hy,2 hn, ty N -0.16 -0.26 -0.06 1.00
Br,Hy,3 hn, ty P -0.07 -0.16 0.03 0.92
By, AHY,1 i tany Intercept -2.18 -2.30 -2.04

By AHY,2 e, tany H 0.01 -0.05 0.08 0.66
By, AHY,3 N tany N -0.02 -0.09 0.06 0.66
Bi,AHY,4 Py tany R -0.05 -0.12 0.03 0.90
B Hy.1 e thy Intercept -1.45 -1.57 -1.29

By Hy,2 ety H 0.13 0.05 0.21 1.00
B Hy,3 he, thy N -0.06 -0.15 0.04 0.89
B Hy,4 ity R -0.01 -0.09 0.08 0.56
By.1 Jib Intercept 0.92 0.77 1.07

By,2 b u -1.02 -1.50 -0.55 1.00
By,3 Jeb L 0.25 0.15 0.35 1.00
By4 Jeb N -0.14 -0.26 -0.02 0.99
By.s Je b P -0.38 -0.69 -0.31 1.00
By6 Jeb G 0.25 -0.31 0.70 0.81

Abundance

Model indices of mallard abundance tracked estimates from spring breeding aerial surveys and showed a consistent
decline in abundance since the early 2000 s (Figure 6). Abundance generally increased from 1991 to 2000 owing to
increased productivity, despite declines in adult and juvenile survival during that time. Population declines since
2000 occurred with declines in survival and productivity. Population growth rate was >1 in 9 of 11 years from
1991-2001 and was <1 in 9 of 20 years from 2002-2021. Population growth rate was more strongly correlated
with adult non-hunting mortality (r = -0.45) and juvenile non-hunting mortality (r = -0.44) than with adult harvest
mortality (r = =0.14) or juvenile harvest mortality (r = -0.27). Further, population growth rate had higher correlation
with adult survival (r=0.51) and juvenile survival (r = 0.53) than with productivity (r=0.12).
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FIGURE 4 Covariate relationships (lines) and 95% credible intervals (shaded regions) with productivity (y;
juvenile females per adult female) for mallards banded in Michigan and Wisconsin, USA, 1991-2022. Mallard
abundance, pond abundance, and Conservation Reserve Program (CRP) area (ha) are in millions. Proportion urban
denotes the proportion of urban developed land cover within a 7-km radius of banding sites.
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FIGURE 5 Posterior medians (line) and 95% credible intervals (shaded regions) of annual productivity (y;
juvenile females per adult female mallard) for mallards banded in Michigan and Wisconsin, USA, 1991-2022.
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FIGURE 6 Posterior medians (line), 95% credible intervals (shaded region) of estimated mallard abundance (N),
and mallard abundance (in 100,000 s) from the Michigan and Wisconsin, USA, spring breeding aerial waterfowl
surveys (points), 1991-2022.

DISCUSSION

We analyzed 32 years of banding, band recovery, and population abundance data to identify factors affecting non-
hunting mortality, harvest mortality, and productivity, and the subsequent influence of these parameters on mallard
population dynamics in the Great Lakes region. Mallard population growth from 1991 to 2000 was driven by a 3-
fold increase in productivity and relatively high adult and juvenile female survival. Mallard abundance in Michigan
and Wisconsin peaked near 750,000 in the year 2000. Declining productivity and declining adult and juvenile
survival contributed to a steady decrease in abundance from 2000 to 2022. Cause-specific mortality probabilities
revealed that declines in survival were primarily driven by increases in non-hunting mortality. Further, adult and
juvenile non-hunting mortality probabilities were the parameters most highly correlated with population growth
rate. Given our modeling assumption that non-hunting mortality is conditional on surviving harvest, and that
non-hunting mortality primarily occurs outside of the duck hunting season for female mallards, we suggest that
processes acting in the late winter, spring, and or summer portion of the annual cycle have most affected population
size. This corresponds to previous work indicating duckling production and breeding female mortality during the
breeding period drive upland-nesting dabbling duck population dynamics (Cowardin and Johnson 1979; Hoekman
et al. 2002; Arnold et al. 2012; Riecke et al. 2022a, b; Roberts et al. 2023). Decreasing non-hunting mortality,
increasing productivity, or both would positively influence mallard abundance in the Great Lakes region if emi-
gration were negligible (Luukkonen 2024).

Non-hunting mortality of adult and juvenile female mallards was negatively related to mallard abundance,
indicating that as abundance increases, the risk of non-hunting mortality declines. Under density dependence in
non-hunting mortality, we expect non-hunting mortality risk to increase with increasing population size (e.g.,
because of declining per capita resource availability), a relationship observed for adult but not for juvenile
midcontinent mallards (Riecke et al. 2022b). In this study, increasing pond abundance was related to increased
non-hunting mortality for adult females but decreased non-hunting mortality for juvenile females. Adult females
make a larger investment in reproduction than juvenile females through higher probability of nesting (Devries
et al. 2008) and re-nesting (Arnold et al. 2010). If adult females increased reproductive effort when wetlands were

more abundant, the tradeoff between exposure to mortality during incubation in terrestrial environments and
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nesting effort (Arnold et al. 2012) may explain increased adult non-hunting mortality in years with wetter condi-
tions. Alternately, the pond count parameter could simply be a poor reflection of breeding habitat abundance in the
Great Lakes region. Compared to the PPR, where the pond count typically reflects natural wetland basins (potholes)
suitable for duck reproduction, surveys completed in the far more heterogenous Great Lakes states included a
variety of wet areas recorded as ponds that were likely unsuitable for mallard production (G. J. Soulliere, U.S. Fish
and Wildlife Service, personal observation), reducing the value of these data as a habitat indicator.

In a previous study in the Great Lakes, breeding period survival for female mallards was negatively related to
the amount of forest cover in home ranges, with predation considered the leading cause of mortality (Boyer
et al. 2018). However, the proportion of forest cover in the Great Lakes region remained relatively constant during
the study (Oswalt et al. 2019, Soulliere et al. 2020). The expansion of agriculture and loss of grassland (Soulliere
et al. 2020) could have direct and indirect (Murphy 2003, Stanton et al. 2018) effects on non-hunting mortality
through reduction in the quantity and quality of nesting habitat, leading to increased predation risk, or to a
reduction in aquatic invertebrate prey (Nebel et al. 2010, Hallmann et al. 2014) required to meet nutrient demands
of reproduction (Alisauskas and Ankney 1992). Hybridization of wild with domestic game-farm mallards (Lavretsky
et al. 2020) could additionally be a factor contributing to increased non-hunting mortality (Schladweiler and
Tester 1972) as domestic mallards typically suffered higher predation rates and lower survival (Smith 1999,
Osborne et al. 2010, Séderquist et al. 2013) in free-ranging environments. Recent work demonstrating that mallards
harvested in Ohio (Schummer et al. 2023) and a large component of the breeding population in the Great Lakes
region are composed of wild X game-farm mallard hybrids (Luukkonen 2024) warrants further investigation into the
demographic consequences of hybridization. The interactions between nesting and brood-rearing habitat quantity
and quality, predation pressure, and anthropogenic factors such as agricultural intensification, urban development,
and release of game-farm mallards are likely complex and additional work is needed to understand mechanisms
associated with increased non-hunting mortality.

Adult female harvest mortality was remarkably constant from 1991-2022 despite changes in the number of
duck hunters and liberalization of harvest regulations. There was limited evidence of a negative relationship of adult
and juvenile female harvest mortality with spring mallard abundance, suggesting that harvest risk declines when the
population is larger, a trend also detected in wood ducks (Aix sponsa) banded in the UMGLJV region
(Greenawalt 2023). Harvest mortality of juvenile female mallards increased with the number of duck hunters but
was not closely tied to harvest regulations (Figure S1, available in Supporting Information). In contrast, Palumbo and
Shirkey (2022) found juvenile female direct recovery rates were about 3 times greater among mallards banded in
areas with substantially more liberal regulations (daily limit of 6 female mallards and 107-day season compared to
daily limit of 1 female mallard and 62-day season). However, our results indicated limited ability to reduce female
mallard harvest probability, particularly for adult females, via regulation changes to the hunting season framework
for the United States portion of the Mississippi Flyway. Singer (2014) found female mallard kill rates in the Great
Lakes region peaked in the 1960s and 1970s and then declined with declining numbers of duck hunters and
liberalization of regulations in the 1990s, concluding female mallard harvest had not been unsustainable in the early
2000s. Given partial controllability of harvest mortality, opportunities for partial compensation of harvest through
non-hunting mortality, and density dependence in productivity (described below), restricting female mallard harvest
regulations may be ineffective in increasing female mallard abundance in the Great Lakes region relative to other
management actions that address non-hunting mortality or productivity.

Harvest was a small component of total annual mortality for adult and juvenile females, consistent with findings
that dabbling duck population growth rates are primarily influenced by environmental factors rather than harvest
(Sedinger et al. 2019; Riecke et al. 2022a, 2022b). While harvest regulations were not closely tied to Great Lakes
female mallard survival, determining the effects of the number of hunters, regulations, and ultimately harvest on
population dynamics requires accounting for potentially confounding effects of environmental factors and popu-
lation density (Riecke et al. 2022a). Although mallard abundance in the Great Lakes region has declined since

harvest regulations were liberalized, harvest mortality is a fraction of non-hunting mortality and declines in survival
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were primarily related to increasing non-hunting mortality. Further, harvest is likely partially compensated by non-
hunting mortality, as adult females were approximately 3.5 to 6.5 times more likely to die from non-hunting causes
than from harvest. During the study period, increasing non-hunting mortality relative to harvest mortality indicates
a mechanism for harvest to become more compensatory over time.

The survival and mortality models used in this study rely on the assumptions that non-hunting mortality
occurs outside of the hunting season, band reporting probability estimates are unbiased, banded female mallards
have the same probability of being reported as male mallards, and that wounding loss remained constant at 20%
during the study. Although unavailable for this study, post-season or winter banding can provide additional data
required to fit seasonal survival models. Joint analysis of pre- and post-season banding allows estimation of
seasonal survival (e.g., hunting season vs. non-hunting season) without the assumption that non-hunting mor-
tality occurs only outside of the hunting season. Seasonal survival models present an opportunity to further
learn about mortality processes occurring throughout the annual cycle and their contribution to population
dynamics (Roberts et al. 2023).

Temporal productivity trends identified in this study were generally similar to the trend and magnitude of
mallard age ratios in the prairie pothole and prairie parklands (Specht and Arnold 2018), to the magnitude of
mallard age ratios in the United States prairies and Saskatchewan (Weegman et al. 2024), and to long-term
average mallard productivity in the Great Lakes region derived from Lincoln estimates (Singer et al. 2016).
Hybridization of wild with domestic game-farm mallards likely contributes to lower incubation incidence in
hybrids with predominantly domestic genes (Luukkonen 2024), and movement data collected from global po-
sitioning system (GPS) transmitters indicate hybrid mallards select for urban areas and are more prevalent in the
southern Great Lakes region (Luukkonen 2024). These findings are consistent with lower female age ratios at
developed and southern locations and raise concern regarding the impact of current game-farm mallard releases
on Great Lakes mallard productivity.

Productivity was also related to habitat conditions and was higher during years when more hectares were
enrolled in CRP. Because land cover types provided by CRP have been linked to increased nest success and
production in upland-nesting ducks (Reynolds et al. 2001), we surmised the total area of CRP could provide a
reasonable annual index of regional availability of upland nesting cover. The estimated loss of 1.4 million ha of
grassland and pasture in the UMGLJV region since 2001 corresponds to the decline in CRP and subsequently
mallard productivity. Because we did not include agricultural intensity as a covariate in our models, it is unclear
whether declining productivity is primarily related to loss of upland nesting habitat, an increase in cropland area or
pesticide use, or an interaction of these factors, which is an area for further research. There is a well-established link
between wetland counts and mallard abundance in the PPR (USFWS 2023a). While the area enrolled in CRP
declined, wetland counts during aerial surveys were variable annually with an increase in the last several years of
this study. However, wetlands with stable hydrology may proceed to late successional stages where wetland area is
dominated by emergent vegetation, reducing value to breeding mallards (Fowler et al. 2024). The relationship
between wetlands and productivity for Great Lakes mallards warrants further research, especially the influence of
hybridization, use of urban areas for nesting (Luukkonen 2024), and the consequences of intensive agricultural
practices on brood-rearing wetlands.

Productivity was lower in years when mallard abundance was high, a key component of adaptive harvest
management, suggesting the potential for density dependence in productivity. This is consistent with the
hypothesis that resources such as quality nest sites, brood-rearing habitat, or food become more limiting when the
number of breeding mallards increases relative to the supply of these resources, and therefore nest success is lower
or fewer ducklings survive until fledging at high population density. Identification of density dependence varies
among studies and likely depends on the scale at which density is measured (Singer et al. 2016, Specht and
Arnold 2018, Riecke et al. 2022b, Devries et al. 2023). Density dependence in productivity would provide another
mechanism for harvest compensation, in addition to compensation through the increasing non-hunting mortality

observed in this study.
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Our model indicates the Great Lakes mallard population is primarily limited by non-hunting mortality and
productivity, resulting from environmental and anthropogenic factors, while female mallard harvest has likely
not been the most influential factor in the population decline. Integrated analysis of multiple datasets
will continue to be valuable to inform management actions and predict population dynamics under changing
environmental conditions (Zhao et al. 2019, Weegman et al. 2022). High-priority questions for additional
research including understanding how habitat changes and releases of game-farm mallards affect non-hunting

mortality and productivity of Great Lakes mallards.

MANAGEMENT IMPLICATIONS

Continued investment in banding and population survey programs would contribute to valuable data sets that can
be used for monitoring the effects of ecological and anthropogenic factors on waterfowl population dynamics.
Management actions that reduce female mallard mortality during late winter, spring, and summer, and that increase
productivity at large scales are most likely to positively influence mallard abundance in the Great Lakes region.
Programs that increase the quantity and quality of upland nesting habitat (i.e., grassland) and brood-rearing wet-
lands in the southern (BCR 23) portion of the Great Lakes region would likely be most effective. Based on our
analysis, reducing female mallard non-hunting mortality would likely be more effective in increasing abundance than
would restricting female mallard harvest regulations. Additional research focused on identifying the primary causes
of increasing non-hunting mortality and declining productivity would greatly inform future management actions
given the uncertainty in the relative influences of environmental, habitat, and anthropogenic factors on decline in

Great Lakes mallards.
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