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Abstract
Black ash (Fraxinus nigra) forests, which cover over 1.2 million hectares in the Great Lakes Region, are threatened by emerald 
ash borer (EAB; Agrilus planipennis), which is eliminating native populations of ash throughout the region. Understanding 
the contribution of black ash wetlands to local and regional species richness is critical in forming effective conservation 
policies and informing management plans for these imperiled habitats. We measured breeding bird and anuran communities 
in black ash wetlands and compared them to nearby non-black ash habitats for each taxa: aspen-dominated upland forest for 
birds and emergent wetlands for anurans. Our results showed black ash wetlands support unique communities of birds but 
not of anurans. For birds, black ash wetlands had higher species richness and a greater number of birds that were indicator 
species compared to upland forests; this is likely due the presence of a water component and more structural diversity in black 
ash wetlands compared to aspen-dominated aspen forests. In contrast, emergent wetlands had higher richness of breeding 
anurans and greater number indicator species than black ash wetlands; this reflects a general preference by North American 
anurans to breed in more open canopy habitats. If EAB invades these systems, expected increases in ponding and canopy 
openness may be beneficial for some anuran species during the breeding season, but loss of the forest canopy could result 
in significant changes in bird community composition. Our results indicate that implementing management strategies that 
focus on emulating structural complexity of black ash wetlands will be beneficial for conserving wildlife diversity.
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Introduction

Loss of forested wetlands have been significant and wide-
spread (Dahl 1990; Zedler and Kercher 2005), and these 
wetlands continue to face a variety of threats from changes 

in land use, climate, and forest pests (Mitsch and Hernandez 
2013; Lovett et al. 2016; Dahl and Zoltai 2018). Notably, in 
much of eastern North America the invasive emerald ash 
borer (EAB; Agrilus planipennis) is altering wetlands where 
ash is a key component of the tree community. For most 
ash species, EAB causes over 90% mortality of trees over 
2.5 cm diameter (at breast height) within a few years follow-
ing infestation (Klooster et al. 2014). In the western Great 
Lakes region of North America, black ash (Fraxinus nigra) 
often comprises a majority of overstory trees in northern 
forested wetlands (D’Amato et al. 2018; Klooster et al. 2018; 
Hoven et al. 2020; Palik et al. 2021). In these wetlands, black 
ash is considered a foundation species because of its role 
modulating wetland structure and function through influ-
ences on hydrology, litter quality, and resource availabil-
ity (Youngquist et al. 2017). Furthermore, given the hydric 
environment, black ash is unlikely to be replaced by other 
tree species after EAB mortality occurs (Palik et al. 2021). 
Therefore, these wetlands are at risk of degrading to emer-
gent wetlands or shrub-swamp communities (Diamond et al. 
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2018; Bowen and Stevens 2018; Palik et al. 2021). Changes 
in ecosystem function, including carbon cycles, hydrology, 
habitats, and food webs, due to loss of black ash have been 
reported (Gandhi and Herms 2010; Youngquist et al. 2017; 
Slesak et al. 2014; Grinde et al. 2022).

In addition to their importance in ecosystem function 
(e.g. Zedler and Kercher 2005; Evenson et al 2018), wet-
lands contribute significantly to regional biodiversity (e.g., 
Zedler and Kercher 2005; Dertien et al 2020). In general, 
wildlife habitats that provide a combination of terrestrial 
(e.g., canopy structure) and aquatic characteristics are iden-
tified as having higher conservation priorities because they 
support diverse flora and fauna (Bartels et al. 2012; Schin-
dler and Smits 2017; Lafage et al. 2019). For example, ripar-
ian ecotones often support higher species richness, diversity, 
and abundance than adjacent uplands and are therefore often 
afforded additional protection (e.g., buffers) in forest man-
agement guidelines (Sanders and Edge 1998; Macdonald 
et al. 2006; Morissette et al. 2018). Forested wetlands also 
provide a combination of terrestrial and aquatic characteris-
tics that may support unique wildlife assemblages compared 
to upland habitats and are, therefore, an important contrib-
utor to regional diversity (Sabo et al. 2005; Dertien et al. 
2020). However, surprisingly little has been published about 
the habitat characteristics of northern black ash wetlands 
and the wildlife communities they support (Ehrenfeld 2012, 
Youngquist et al. 2017, Grinde et al. 2022). It stands to rea-
son that the widespread mortality of black ash due to EAB 
infestation will impact wildlife—but the overall impacts to 
species diversity are unclear (Kolka et al. 2018; Grinde et al. 
2022). Understanding the contribution of black ash wetlands 
to local and regional diversity is critical in forming effective 
conservation policies and informing management plans for 
these imperiled habitats.

The objective of this study were to 1) determine the 
extent to which wildlife communities in black ash wetlands 
are unique when compared to non-black ash habitats, includ-
ing upland forest or non-forested wetlands, and 2) assess 
the relative importance of vegetation characteristics, using 
lidar-derived variables, for predicting community assem-
blage and diversity in the focal habitats. We conducted 
the study in northern Minnesota, which is not invaded by 
EAB to date, allowing us to establish baseline community 
assemblage information. We conducted two separate surveys 
focused on avian and anuran taxa because they are gener-
ally abundant in wetland habitats and are easily observed 
during the breeding season. For birds, we were interested 
in the importance of black ash wetland habitat for local and 
regional diversity; therefore, we compared forest-bird com-
munities between black ash wetlands and aspen (Populus 
spp.)-dominated upland forests. Because black ash wetlands 
are known to have high levels of structural diversity (Dia-
mond et al. 2019, Diamond et al. 2020, Palik et al. 2021, 

Grinde et al. 2022), we predicted that black ash wetlands 
would have higher avian species richness and more indi-
cator species compared to aspen-dominated upland forest; 
these differences would result in unique bird communities 
between habitat types. For anurans, we were interested in 
breeding communities in black ash and non-black ash wet-
lands; because nearly all deciduous-forest wetlands are black 
ash wetlands in northern Minnesota, we compared black ash 
wetlands and emergent wetlands. We predicted that anuran 
species richness would be similar among black ash and 
emergent wetland sites, but that species composition and 
indicator species would be grouped by forest-associated and 
non-forest associated species (e.g., Van Buskirk 2005; Liner 
et al. 2008). Our results will provide information to assess 
the potential impacts of the loss of black ash on bird and 
anuran biodiversity and help inform management of these 
in the wake of EAB invasion.

Methods and Materials

Sites and Study Design

The study area, in northeastern Minnesota, is a glacial 
moraine landscape dominated by aspen, pine (Pinus spp.), 
maple (Acer spp.), and paper birch (Betula papyrifera) 
uplands, with black ash and lowland conifer (Picea mariana 
and Larix laricina) wetlands occurring in low lying areas. 
We identified 27 black ash wetland sites, across three study 
areas, that represented the range of hydrogeomorphic cat-
egories (e.g., depressional, lowland flat, riverine) and hydro-
period durations (from temporary to permanent) found in 
northern Minnesota (Fig. 1; Grinde et al. 2022). Sites were 
dominated by mature black ash (> 70% of overstory basal 
area); co-occurring tree species in the overstory included 
northern white cedar (Thuja occidentalis), American elm 
(Tilia Americana), and quaking aspen (Populus tremuloides; 
Palik et al. 2021). The average area (± SD) of selected black 
ash wetlands was 6.3 ± 3.5 ha, with no evidence of recent 
management and no ditches, roads, or trails present. Sur-
veyed black ash sites were an average (± SD) 151 ± 121 m 
from a road (range 20 – 600 m). More information on study 
site characteristics and vegetation composition can be found 
in Diamond et al. (2019) and Palik et al. (2021).

For habitat comparisons, we considered each study area 
as a block to control for variations across the geographic 
range, then selected upland forest sites (n = 27) and emer-
gent wetland (n = 20) sites for that were within 1 km of a 
given black ash site to control for landscape composition 
differences. The west study area had 11 black ash wetland, 
11 upland forest, and 9 emergent wetland sites; the central 
study area had 10 black ash wetland, 10 upland forest, and 7 
emergent wetland sites; and the east study area had 6 black 
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ash wetland, 6 upland forest, and 4 emergent wetland sites 
(Fig. 1). Non-black ash sites were selected using satellite 
imagery, National Wetland Inventory Dataset (Kloiber et al. 
2019), and on-the-ground observations. Criteria for upland 
sites were a minimum of 4 ha, and point counts were a mini-
mum 250 m from the edge of the black ash wetlands to avoid 
double-counting individual birds and 100 m from the road 
to avoid the influence of edge habitat. The upland forest 
sites were dominated by quaking aspen, and co-occurring 
tree species included paper birch (Betula papyrifera), red 
maple (Acer rubrum), and balsam fir (Abies balsamea). The 
average area (± SD) of upland forest stands was 7.3 ± 3.3 ha. 
Emergent wetland sites lacked a tree canopy and were domi-
nated by graminoids and other herbaceous vegetation; they 
were within 300 m from the nearest road to facilitate road-
side call surveys, on average emergent sites were 151 m 
from the road (range 20 – 600 m). Because many emer-
gent wetlands were riverine floodplains, there was a wide 
range of sizes: average area (± SD) of emergent wetlands 
was 4.4 ± 6.9 ha.

Wildlife Surveys

Avian Point Count Surveys We conducted 10-min point 
count surveys at each black ash wetland (n = 27) and paired 
upland forest sites (n = 27) in June 2017 and June 2018, 
when breeding birds were most active (Niemi et al. 2016). 
Point count surveys were conducted in the middle of the 
black ash site and one in center the paired upland aspen 
stand. Point counts were conducted once per year by two 
trained observers from approximately 0.5 h before to 4 h 
after sunrise on days with little wind (< 15 km  hr−1) and 

little or no precipitation. Surveys were conducted by the 
same people each year All birds heard or seen from the 
point count locations were recorded, along with their spa-
tial location within the plot and estimated distance (0–25 m, 
26–50 m 51- 100 m, > 100 m) from the observer to avoid 
double counting birds. Analyses was only conducted on 
birds observed within the 100 m radii to focus on birds 
detected in the distinct habitats to reduce potential biases 
related to differential detection issues (Niemi et al. 2016).

Anuran Surveys In 2017 and 2018 we surveyed for calling 
anurans at 27 of the forested wetland sites and 20 emergent 
wetland sites. We followed standard call survey protocol for 
North American anurans (Weir and Mossman 2005). Call 
surveys were conducted three times each year; surveys took 
place about every two weeks starting after ice-out (mid-to-
late April) and concluded in early June. Surveys were five 
minutes in duration and took place between 19:00–0:00 on 
days with little wind and no precipitation. The identity and 
relative intensity (scale of 0 – 3; where 0 intensity specifies 
no individuals calling, 1 is a single calling male, 2 indicates 
overlapping calls but individuals are distinguishable, and 3 
specifies a full chorus with all calls continuous and overlap-
ping) of all calling species was recorded. For the black ash 
sites, we conducted call surveys from the edge of the ponded 
area within the black ash stand (Grinde et al. 2022). For 
emergent sites, we conducted surveys from the edge of the 
wetland or from the road when the wetland was inaccessible. 
A species was marked as present when we could positively 
identify calling within the target ponded area (up to 200 m 
from observer’s location in expansive wetlands). Surveys 
were conducted by the same observers each year.

Fig. 1  Wildlife survey loca-
tions in northern Minnesota, 
USA. Points indicate survey 
locations in black ash wetland, 
aspen-dominated upland forest, 
and emergent wetland habitats. 
Black ash sites (n = 27) were 
selected to represent the range 
of forested wetland conditions 
found across three study areas 
(indicated by dashed lines) in 
the state. Aspen-dominated 
upland forest (n = 27) and 
emergent wetland sites (n = 20) 
were located within 1 km of 
black ash sites and used for 
habitat comparisons. Dark grey 
show large lakes; straight gray 
lines indicate county boarders; 
light gray meandering line is the 
Mississippi River
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Environmental Variables

We characterized black ash wetland, upland forest, and emer-
gent wetland sites using eight site-level variables developed 
from a state-wide lidar dataset that was collected in spring 
2011 and 2012 (Table 1; McGaughey 2017). Site boundaries 
were identified using the Forest Inventory Management and 
National Wetland Inventory datasets and confirmed using 
satellite imagery and site visits, boundaries were used to 
calculate site area of each stand and wetland (ha; MN DNR 
2016; Kloiber et al. 2019). For the lidar-derived variables 
we first created canopy height model rasters with 2 m resolu-
tion, then used the model to generate binary canopy products 
at 20 m resolution using Map Algebra (Spatial Analyst) in 
ArcGIS (v.10.4.1 ESRI 2019). We developed two datasets to 
quantify canopy structure: first we used a 9 m height thresh-
old and classified cells as canopy (> 9 m) or gaps (< 9 m), 
we then used a 2 m threshold to classify cells as sub-canopy 
(> 2 m) or gaps (< 2 m). The two binary (canopy vs. gap or 
sub-canopy vs. gap) raster datasets were then used to calcu-
late the proportion of area within each site that consisted of 
canopy and sub-canopy. The canopy height, canopy cover, 
and understory indices were summarized for each site by 
calculating the mean and standard deviation of raster values 
within the site boundaries (Table 1). The canopy height vari-
ables (mean and standard deviation) were calculated using 
the mean  75th percentile of non-ground return height of all 
raster pixels within the site boundaries. The canopy cover 
variables (mean and standard deviation) were calculated as 
the proportion of site area classified as upper canopy (> 9 m; 
e.g., a value of 0.54 indicates that 54% of the stand area 
had a vegetation above the 9 m threshold). The variable 
understory cover index was calculated as the proportion of 
returns < 2 m above ground surface; values ranged from 0 
(no understory cover) to 1 (very dense cover). The variable 
all canopy index was calculated as the proportion of the 
stand classified as canopy using the 2 m threshold.

Data Analysis

Preliminary analyses showed that including year as a covari-
ate did not improve models, therefore biodiversity metrics 
were calculated by combining data from the two survey years 
for both taxa. For birds, count data was summed giving total 
count over two years. For anurans, relative call intensity 
was converted to presence/absence data so that occurrences 
could be pooled; a species was marked as “present” if it was 
observed calling in at least one year. All statistical analyses 
were run in the R software environment (R Core Team 2021).

Vegetation We used Welch’s two sample t-tests that allowed 
for unequal variance to compare lidar-derived environmental 
variables between upland and black ash sites and between 
black ash and emergent sites. Variables were assessed for 
normality assumptions and a log-transformation was used 
to meet assumptions when necessary and were considered 
significant at P < 0.10.

Community Composition Analysis To assess differences 
in the community composition between habitats, we used 
model-based unconstrained ordination (Hui 2016); we spe-
cifically used the boral package (Hui 2016) to implement 
latent variable models—this approach is also termed joint 
species distribution modelling. Latent variables represent 
unmeasured environmental gradients and act as random 
effects. This method accounts for covariance in and among 
species responses across sampled sites (Warton et al. 2015). 
When visualizing results, the latent variables also represent 
the main axis of the ordination.

We determined which species were significantly correlated 
and visualized differences in community structure between 
our habitat types (black ash and upland forest for birds; black 
ash and emergent wetlands for anurans). We removed rare 
species that were observed only once (12 bird species; 0 anu-
ran species) and excluded sites with zero species observed 

Table 1  Description of environmental variables used for analyses

Variable Description

Canopy height Average height (m) of entire stand area calculated using the mean 75th percentile of non-ground return height
Within-stand variability in stand height (m) calculated using the standard deviation (SD) of 75th percentile of non-

ground return height
Canopy cover index Mean canopy cover value of stands calculated using first returns

Within-stand variability of canopy cover values calculated using the standard deviation in canopy cover based on first 
returns

Understory cover index Mean understory cover index
Within-stand variability of understory cover index using the standard deviation in canopy cover based on first returns

Upper canopy index Proportion of stand area classified as canopy using the 9 m threshold
All canopy index Proportion of stand area classified as canopy using the 2 m threshold
Stand area Area of stand or wetland
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(0 sites for birds; 9 black ash sites for anurans). We set the 
number of latent variables to ‘two’ and used an ‘exponential’ 
spatial correlation structure to account for spatial covariance 
in community composition (sites that were closer together 
were more likely to have similar species assemblages). For 
birds we used a negative binomial distribution to model total 
abundance, and for anurans we used a binomial distribution 
to model presence/absence. Finally, MANOVA was used to 
test for differences in community composition (latent variable 
ordination space) between habitats.

We also tested for effects of stand structure on community 
composition using multivariate abundance models with the 
mvabund package (Wang et al. 2021). For both taxa, we 
considered five lidar variables that differed among habitat 
types (mean canopy height, percent canopy cover, percent 
understory cover, percent upper canopy cover, and all can-
opy index) and stand area. We used Pearson’s correlation to 
test for correlations among variables that were highly cor-
related (r = 0.75). The full model for birds included stand 
area, mean canopy height, understory cover index, and all 
canopy index. The full model for the anurans included stand 
area, mean canopy height, and understory cover index. For 
birds we used a negative binomial distribution and for anu-
rans we used a binomial distribution. Preliminary analyses 
showed that mean canopy height was a significant predictor 
of community structure for both birds and anurans and there-
fore we included a model with only canopy height. We used 
ANOVA to compare models, utilizing a log-likelihood ratio 
test statistic. We used the summary function to assess uni-
variate responses of each species and adjusted P-values for 
multiple-comparisons using a step-down resampling proce-
dure, which is implemented within the R package. We then 
calculated coefficient estimates and 95% confidence intervals 
to determine which coefficients were different from zero.

Species Richness and Abundances We calculated species 
richness (total number of species observed), and total abun-
dance (total number of individuals observed) at all sites for 
birds and species richness for anurans at all sites. We used 
these metrics as response variables to determine if there 
were 1.) Differences between habitat types and 2.) If lidar-
derived variables were significant predictors bird and anuran 
community metrics. We used generalized linear mixed mod-
els (GLMM) from the lme4 package (Bates et al. 2015) and 
included study site and block as a random effects to account 
for variation among sites and across the geographic regions. 
Akaike's information criterion (AIC) model selection was 
used to were ranked and compared models with delta AIC 
(Anderson and Burnham 2002); models with highest weights 
were compared the null models (i.e., no fixed effects) to 
test for model significance (Nickerson 2000; Harrison et al. 
2018). Richness and abundance models used a Poisson 
distribution.

Indicator Species Analysis We used indicator species analy-
sis (ISA) to identify indicator species; species with higher 
combined frequency of occurrence and abundance in the 
one of the habitat types, (Dufrêne and Legendre 1997). This 
technique is useful for evaluating the association between 
species and a priori site classifications (i.e., habitat types) 
where species with high indicator values are those found 
to be almost exclusive to habitat and detected at most sites 
within that habitat (Dufrêne and Legendre 1997). The indi-
cator values are based on combined within-species abun-
dance and occurrence comparisons and therefore are not 
affected by the abundance of other species. The maximum 
indicator value of a species among habitats was tested for 
statistical significance using Monte Carlo permutations and 
used P < 0.10 as the significance level to identify indicator 
species (Lehmkuhl et al. 2007). All analyses were conducted 
using the function indval in the labdsv package (ver. 1.7.8).

Results

Vegetation Results of the Welch’s t-t s showed several sig-
nificant differences between black ash forested wetlands and 
upland forest sites; mean canopy height (t = 2.66, P = 0.01), 
percent canopy cover (t = 1.90, P = 0.06), and upper can-
opy index (t = 2.57, P = 0.01) were higher in upland for-
est compared to black ash wetlands. However, understory 
cover index (t = 1.91, P = 0.06), the variation in canopy 
cover (t = 2.22, P = 0.03) and variation in understory cover 
(t = 2.71, P < 0.01) was higher in black ash sites. There was 
not significant differences in the standard deviation of stand 
height sites (t = 0.22, P = 0.82) and there was no difference 
between the site types in the all canopy index (t = 0.13, 
P = 0.89) between black ash and upland sites.

The comparisons between black ash forested wetlands 
and emergent wetlands also showed significant differences. 
Mean canopy height (t = 9.75, P < 0.01), percent canopy 
cover (t = 15.05, P < 0.01), variation in canopy cover 
(t = 1.92, P = 0.07), variation in understory cover (t = 1.75, 
P = 0.09), upper canopy index (t = 12.22, P < 0.01), and all 
canopy index (t = 23.60, P < 0.01) were higher in the black 
ash wetlands. However, the understory cover (t = 1.35, 
P = 0.18) and variation in canopy cover (t = 1.35, P = 0.19) 
did not differ between habitat types.

Community Composition A total of 51 bird species were 
documented throughout the duration of the study (Appen-
dix 1 Table 3). There was a significant difference in bird 
community between black ash and upland sites (Pillia’s 
Trace = 0.25, df = 1, P < 0.01; Fig. 2). Over half of the bird 
species exhibited strong correlation, either positive or nega-
tive, with at least one other bird species (Appendix 3 Fig. 3). 
In general, birds that are associated with upland forests (e.g., 
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Ovenbird (Seiurus aurocapilla), Red-eyed Vireo (Vireo 
olivaceus), and Eastern Wood-Pewee (Contopus virens)) 
tended to be positively associated with each other but nega-
tively associated with bird species that respond favorably 
to moist conditions (e.g., Northern Waterthrush (Parkesia 
noveboracensis), Alder Flycatcher (Empidonax alnorum), 
and Swamp Sparrow (Melospiza georgiana)).

Eight anuran species were documented during the study, 
and results show that the anuran community composition 
was also different between black ash and emergent wetlands 
(Pillia’s Trace = 0.49, df = 1, P < 0.01 Fig. 2; Appendix 2 
Table 4). Emergent wetlands hosted unique species (e.g., 
Green Frog (Lithobates clamitans), Mink Frog (Lithobates 
septentrionalis), Northern Leopard Frog (Lithobates pipi-
ens)) that were not observed in black ash wetlands. Fur-
thermore, these three species, which breed later in the year 
and require longer hydroperiods, appeared to form one clus-
ter that was separate from the early spring breeding spe-
cies (Chorus Frog (Pseudacris triseriata), Spring Peeper 
(Pseudacris crucifer), Wood Frog (Lithobates sylvaticus); 
Fig. 2). When looking at significant correlations among spe-
cies presence, there were only positive associations among 
anurans (Appendix 3 Fig. 3).

The canopy height model was the best fit for both birds 
(Dev = 165.6, P < 0.01) and anurans (Dev = 50.6, P < 0.01). 

The results of the bird model showed that after correcting 
for multiple comparisons, canopy height was a significant 
predictor for only one species, Ovenbird (LR = 28.4, adj-
P = 0.001). However, species-specific parameter estimates 
and 95% confidence intervals indicated that Alder Fly-
catcher, Black-capped Chickadee, Brown-headed Cowbird, 
Nashville Warbler, Veery, and White-throated Sparrow had 
negative coefficients that were different from zero and were 
most abundant in area with a shorter canopy. Black-throated 
Green Warbler, Eastern Wood Pewee, Mourning Warbler, 
Ovenbird, Wood Thrush, and Yellow-bellied Sapsucker had 
positive coefficients that were different from zero and most 
abundant in areas with a taller canopy (Appendix 4 Table 5). 
For anurans, canopy height was a significant predictor for 
Gray Tree Frog, American Toad, Green Frog, and Leopard 
Frog, (LR > 10.5, adj-P < 0.04). All species had negative 
estimated coefficients, but only Gray Tree Frog, American 
Toad, and Green Frog had estimates that were different from 
zero (Appendix 4 Table 5).

Species Richness and Abundances The bird species richness 
model showed that the habitat type model was significantly 
different from the null model (χ2 = 5.9, P = 0.02, df = 1) 
and indicated that average bird species richness (± SE) was 
significantly higher in black ash sites (richness = 10.2 ± 1.6; 
βash = 2.30 s.e.ash = 0.06, P < 0.01) compared to paired upland 

Fig. 2  Results of amphibian and bird Joint Species Distribution Mod-
els. Unconstrained ordinations of a.) Bird abundance in black ash 
wetlands and aspen-dominated upland sites, b.) Anuran presence/
absence in black ash wetland and emergent wetland sites. Ordination 
plots show mean latent variable (LV) coefficient for each site (dot) 

and species (labeled); sites and species that are close together indicate 
more similar community composition (site) and habitat preferences 
(species). Site color indicates mean canopy height for anuran and bird 
plots
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sites (richness = 8.2 ± 1.06; βupland = -0.17 s.e.upland = 0.0
9, P = 0.05; Appendix 5 Table 6). Results showed that the 
models that included lidar-derived variables were not sig-
nificantly different from the null model. The bird abundance 
model also showed that the habitat type model was signifi-
cant compared to the null model (χ2 = 5.9, P = 0.02, df = 1; 
Appendix 5 Table 6). However, the results of this model 
showed that abundance did not differ significantly between 
habitat types (β = 0.11 s.e. = 0.07, P = 0.12). The bird abun-
dance model that included variation in understory cover 
index was also significantly different from the null model 
((χ2 = 4.97, P = 0.02, df = 1). This model indicated that vari-
ation in understory index (β = 0.10, s.e. = 0.04, P = 0.02) was 
positively associated with overall bird abundance.

Top performing models for predicting anuran species 
richness that were significantly different from the null model 
included the habitat type (χ2 = 27.5 P < 0.01, df = 1) and 
all canopy index (the proportion of the stand area classi-
fied as canopy using the 2 threshold; χ2 = 31.2 P < 0.01, 
df = 1; Appendix 5 Table 6). The habitat type model showed 
that average anuran species richness (± SE) was signifi-
cantly higher in emergent wetlands (richness = 3.9 ± 1.1; 
βemg = 1.12 s.e.emg = 0.19, P < 0.01) compared to black 
ash wetland habitats (richness = 1.3 ± 1.2; βash = 0.48 
s.e.ash = 0.16, P < 0.01). The canopy index model indicated 
that richness was negatively associated with canopy above 
2 m (β = -0.53, s.e. = 0.09, P < 0.01).

Indicator Species Analysis Black ash sites were character-
ized by four bird indicator species and upland forests had 
two indicator species (Table 2). Three of the indicator spe-
cies of black ash sites, Common Yellowthroat, Northern 
Waterthrush, and Northern Parula are species that are asso-
ciated with water components; however, the fourth species, 
Winter Wren, generally associated with old forests (Appen-
dix 1 Table 3). The results of the anuran ISA showed that 
six species were significant indicators of emergent wetlands, 
but no species had significant associations with black ash 
wetlands (Table 2).

Discussion

Wetland habitats are generally expected to have higher rich-
ness, abundance and/or diversity in many biomes compared 
to upland habitats (Gopal and Junk 2000; Dertien et al. 
2020). Our study provides quantitative evidence to support 
the hypotheses that black ash wetlands provide important 
habitat for unique assemblages of breeding birds. Further-
more, these at-risk habitats provide increased regional bird 
diversity when compared to aspen-dominated upland for-
ests. While black ash wetlands support frogs that depend on 
temporary ponds, they did not host unique anuran species 
compared to other wetland types. These results indicate that 

forested wetlands have high ecological value for birds and 
provide breeding habitat for some frogs.

Comparisons of vegetation metrics indicate that in gen-
eral, black ash wetlands have a more complex canopy and 
understory structure compared to aspen-dominated upland 
forest. Our results align with findings from Looney et al. 
(2016), that black ash wetlands in the region have an uneven-
age structure with diverse canopy and well-developed under-
story layer. In contrast to the uneven-aged black ash stands, 
the upland forests included in this study were younger, even-
aged forests that develop following forest harvesting and 
generally contain lower vertical canopy structure and lower 
floristic richness. The structural diversity in the canopy and 
understory of black ash wetlands likely provided unique 
micro-habitats that are important for supporting diverse bird 
communities (MacArthur and MacArthur 1961; Roth 1976; 
Sitters et al. 2016; Fontúrbel et al. 2021).

Bird assemblages in black ash wetlands differed from 
those in upland forest; black ash wetlands had higher bird 
species richness and contained more unique species than 
aspen-dominated upland forests. This pattern matches an 
analysis of fauna conducted by Dertien et al. (2020) that 
showed a positive correlation between bird richness and 
wetland cover across much of the United States, including 
northern Minnesota. Moreover, Zenzal et al. (2018) found 
that there was a higher abundance of migratory bird species 

Table 2  Indicator value of bird and anuran indicator species in black 
ash forest, upland forest, and emergent wetlands based on results of 
indicator species (ISA) analysis. Values are a function of the fre-
quency of occurrence and abundance at survey locations according 
to Dufrêne and Legendre (1997). The maximum indicator value of 
a species among habitats was tested for statistical significance using 
Monte Carlo permutations and used P < 0.10 as the significance level 
to identify indicator species, bold indicates significant value for the 
species in the habitat  

Birds
Common Name Black ash forest Upland forest P
Common Yellowthroat 43.5 2.3 0.003
Northern Waterthrush 35.1 0.1 0.002
Northern Parula 30.0 0.7 0.009
Winter Wren 22.2 0.0 0.020
Ovenbird 27.4 63.8 0.002
Yellow-bellied Sap-

sucker
1.1 28.2 0.018

Anurans
Common Name Black ash forest Emergent wetland P
Gray Tree Frog 3.0 79.5 0.001
Spring Peeper 15.6 67.5 0.001
Wood Frog 19.8 64.3 0.001
American Toad 0.3 41.6 0.003
Northern Leopard Frog 0.0 30.0 0.002
Green Frog 0.0 30.0 0.006
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in areas with water features and suggest that these areas may 
provide important food resources for birds. Our multivari-
ate analyses of community structure, taken together with 
the species richness models and ISA suggested that some 
species respond to canopy structure while other are respond-
ing to the wetland environment. The results of the ISA sup-
port the prediction that increased structure in the forested 
wetlands is beneficial for ground nesting and sub-canopy 
breeding birds by providing increased foraging opportuni-
ties and potential nest sites (Sitters et al. 2016; Fontúrbel 
et al. 2021). For example, Common Yellowthroat are likely 
responding to areas with dense growth of low vegetation, 
which is more prevalent in wet areas (Stewart 1953; Guzy 
and Ritchison 2020). Other indicator species for forested 
wetlands such as Northern Parula and Northern Waterthrush 
are likely responding to the combination of variability in the 
canopy cover, moderate ground and shrub cover, and moist 
conditions (Collins et al. 1982; Whitaker and Eaton 2020). 
Winter Wren, however, are likely responding to the struc-
tural diversity that is generally more prevalent in of black 
ash forests. Specifically, this species requires dense under-
growth and downed wood for nesting and foraging during 
the breeding season (Wolf and Howe 1991); these structures 
are typically found in older forests (e.g., Hobson and Bayne 
2000; Andersson et al. 2018) and are likely more abundant in 
black ash stands given the uneven-aged conditions of these 
ecosystems and comparatively low levels of management.

Swift et al. (1984) suggested that the effects of hydrologic 
patterns (e.g., surface water extent and configuration) might 
be greater than the influence on vegetation structure on 
breeding birds in forested wetlands. Odum (1950) hypoth-
esized that the higher water content of forested wetlands 
could be both directly beneficial to birds by providing more 
available water and moderating temperature changes and 
indirectly beneficial by influencing understory plant com-
munities. Importantly, several studies have noted that for-
ested wetlands may have greater abundance of invertebrates 
than mesic forests (e.g., Austin et al. 1996; Smith et al. 1998) 
that are available as a food resource throughout the breeding 
season (Riffell et al. 2006). We did not quantify difference in 
hydrological regimes across black ash wetlands in this study, 
however it is possible that surface water in forested wetlands 
increases the availability of high quality food (e.g., seeds, 
invertebrates) for breeding birds. This should be a focus of 
future research in order to assess habitat quality and conser-
vation value of forested wetlands.

Results of this study also indicated that anuran commu-
nity composition between black ash and emergent wetlands 
were significantly different in terms of richness and com-
munity composition. However, in contrast to the results of 
breeding birds, we found that emergent wetlands hosted 
more diverse anuran communities and that a higher propor-
tion of emergent wetlands sites were occupied by breeding 

anurans compared to black ash wetlands. All anuran species 
observed in this study were indicators of emergent wetlands 
and were positively correlated with each other, indicat-
ing that breeding anurans in the study region prefer open 
canopy habitats. Grinde et al. (2022) also found increased 
anuran occupancy of black ash sites where ash had been 
experimentally harvested and had degraded to emergent wet-
land. This preference for open canopies is common among 
anurans, even forest associated species (e.g., Hocking and 
Semlitsch 2007; Semlitsch et al. 2009). In fact, forest spe-
cies may preferentially select open canopy wetland on the 
edges of forested habitat to breed (Hocking and Semlitsch 
2007). The emergent wetlands in this study were imbedded 
in a forested matrix (i.e., adjacent to forest habitat) and may 
be particularly appealing for forest-associated frogs as well 
as species that are generally associated with open canopies 
(e.g., Northern Leopard Frogs and American Toads).

In addition to canopy cover differences between wetland 
types, the increased anuran species richness observed in 
emergent wetlands compared to black ash wetlands may also 
be attributed to differences in hydrologic regime between 
the surveyed habitats. The vast majority of black ash wet-
lands in this study had short hydroperiods (drying in early 
summer) which restricts breeding anurans to those species 
that lay eggs early in the year and whose tadpoles trans-
form quickly (e.g., Wood frogs, Spring Peepers, and Boreal 
Chorus Frogs). Many black ash wetlands did not offer suit-
able ponded habitat for breeding frogs – as evidenced by the 
absence of calling anurans from 1/3 of black ash wetlands. 
Grinde et al. (2022) found that anuran larvae only occurred 
in 60% of black ash wetlands where calling was observed; 
overall sites with breeding activity had large ponded areas, 
relative to stand size, and had longer hydroperiods. In con-
trast, emergent wetlands in this study included a larger pro-
portion of permanent wetlands, including riverine and lake 
floodplains. These habitats are suitable for species that breed 
later in the year and/or have longer larval periods includ-
ing Northern Leopard Frogs, Mink Frogs, and Green Frogs. 
Indeed, Mink Frogs and Green Frogs often have overwinter-
ing tadpoles (Lannoo 2005) and therefore, breeding popula-
tions are excluded from many black ash wetlands.

While anuran breeding activity may preferentially occur 
in emergent wetlands, many species in this study are forest-
associated and depend on intact forest for their non-breeding 
habitat (e.g., Wood Frogs, Gray Tree Frogs; Lannoo 2005). 
Thus, the long-term consequences of black ash loss on anu-
ran communities is unclear when considering the full anu-
ran life cycle. Other studies have demonstrated that forest 
harvest and loss can have a net negative effect on adult and 
juvenile growth and survival, despite potential benefits on 
the larval stage (Semlitsch et al. 2009). We speculate that 
most amphibian species could gain short-term breeding ben-
efit as black ash is lost from the landscape and open canopy 
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wetlands become more abundant. However, some species 
may suffer long-term declines if EAB-caused tree mortality 
leads to habitat fragmentation and less forest cover in the 
landscape. Additional data on habitat use by post-breeding 
adults and juveniles is needed to assess potential long-term 
impacts of habitat fragmentation and loss of terrestrial habi-
tat from EAB-caused tree mortality.

Prior to European settlement, forested wetlands may have 
comprised up to 70% of the total wetland area in the north-
ern United States and southern Canada; from the 1780s to 
the 1980s, it is estimated that the Great Lakes region has lost 
59 percent of its wetlands (Dahl 1990). The ecological con-
sequences of these changes cannot be fully quantified, but 
negative effects on wildlife populations certainly occurred. 
Now, in the face of EAB, black ash wetlands, which are 

structurally complex and the predominant hardwood wet-
land type in the Great Lakes region, face further threats as 
ash is lost from the landscape and forested wetlands transi-
tion to emergent and shrub wetlands. The loss of black ash 
will result in turnover of wildlife communities from forest-
dependent species to open-canopy associated species (e.g., 
Grinde et al. 2022). Although net changes in wildlife biodi-
versity may be minimal or potentially increase for some taxa 
(amphibians), the long-term, large-scale impacts of EAB 
on forest-associated wildlife will likely be significant. Man-
agement strategies that focus on emulating structural com-
plexity of black ash wetlands while establishing non-host 
alternative native trees species that will maintain long-term 
forest cover are necessary to conserve critical habitat that 
supports wildlife diversity.
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Appendix 1          Table 3

Table 3  List of bird species detected within 100  m radius during 
point counts. Common name, scientific name, nest location, primary 
diet, and primary breeding habitat along with observed abundance in 

black ash wetlands and upland forests are provided. Nest, diet, and 
habitat assignments were sourced from Niemi et al. (2016) and Bill-
erman et al. (2020)

Common name Scientific name Abbreviation code Nest location Primary diet Primary habitat Abundance

Black 
ash 
wetland

Upland forest

Alder Flycatcher Empidonax alno-
rum

ALFL Shrub Foliage insects Shrub swamp 1 0

American Redstart Setophaga ruticilla AMRE Shrub Flycatchers Early-successional 10 6
American Robin Turdus migratorius AMRO Shrub Ground insects and 

fruit
Fields and mead-

ows
3 5

Black-and-white 
Warbler

Mniotilta varia BAWW Ground Bark insects Mixed forest 19 19

Blackburnian 
Warbler

Dendroica fusca BLBW Canopy Foliage insects Coniferous forest 6 3

Black-capped 
Chickadee

Poecile atricapillus BCCH Cavity Foliage insects Deciduous forest 15 2

Black-throated 
Green Warbler

Dendroica virens BTNW Shrub Foliage insects Mixed forest 16 14

Blue Jay Cyanocitta cristata BLJA Canopy Omnivores Deciduous forest 3 5
Broad-winged 

Hawk
Buteo platypterus BWHA Canopy Vertebrates Mixed forest 2 1

Brown Creeper Certhia americana BRCR Cavity Bark insects Deciduous forest 12 5
Brown-headed 

Cowbird
Molothrus ater BHCO Canopy Ground insects and 

fruit
Fields and mead-

ows
1 2

Canada Warbler Wilsonia canaden-
sis

CAWA Ground Foliage insects Mixed forest 3 3

Cedar Waxwing Bombycilla cedro-
rum

CEDW Shrub Foliage insects Deciduous forest 3 0

Chestnut-sided 
Warbler

Dendroica pensyl-
vanica

CSWA Shrub Foliage insects Early-successional 17 18

Chipping Sparrow Spizella passerina CHSP Canopy Ground insects and 
fruit

Coniferous forest 0 1

Common Grackle Quiscalus quiscula COGR Shrub Omnivores Fields and mead-
ows

0 1

Common Yellow-
throat

Geothlypis trichas COYE Shrub Foliage insects Shrub swamp 21 4

Downy Wood-
pecker

Picoides pubescens DOWO Cavity Bark insects Deciduous forest 1 3

Eastern Wood-
Pewee

Contopus virens EAWP Canopy Flycatchers Mixed forest 4 2

Golden-crowned 
Kinglet

Regulus satrapa GCKI Canopy Foliage insects Coniferous forest 0 2

Golden-winged 
Warbler

Vermivora chrys-
optera

GWWA Ground Foliage insects Early-successional 1 1

Great Crested 
Flycatcher

Myiarchus crinitus GCFL Cavity Flycatchers Deciduous forest 7 1

Hairy Woodpecker Picoides villosus HAWO Cavity Bark insects Deciduous forest 1 5
Hermit Thrush Catharus guttatus HETH Ground Ground insects and 

fruit
Mixed forest 3 3

Least Flycatcher Empidonax mini-
mus

LEFL Shrub Flycatchers Deciduous forest 28 32
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Table 3  (continued)

Common name Scientific name Abbreviation code Nest location Primary diet Primary habitat Abundance

Black 
ash 
wetland

Upland forest

Magnolia Warbler Dendroica mag-
nolia

MAWA Shrub Foliage insects Coniferous forest 1 0

Mourning Warbler Oporornis phila-
delphia

MOWA Ground Foliage insects Early-successional 3 4

Nashville Warbler Vermivora rufica-
pilla

NAWA Ground Foliage insects Lowland forest 20 15

Northern Flicker 
(Yellow-shafted)

Colaptes auratus YSFL Cavity Ground insects and 
fruit

Early-successional 1 3

Northern Parula Parula americana NOPA Canopy Foliage insects Lowland forest 18 2
Northern Water-

thrush
Seiurus novebora-

censis
NOWA Ground Foliage insects Lowland forest 18 1

Ovenbird Seiurus auroca-
pilla

OVEN Ground Foliage insects Deciduous forest 58 114

Pileated Wood-
pecker

Dryocopus pilea-
tus

PIWO Cavity Bark insects Deciduous forest 0 1

Pine Warbler Dendroica pinus PIWA Canopy Foliage insects Coniferous forest 2 0
Purple Finch Carpodacus pur-

pureus
PUFI Canopy Seeds Mixed forest 0 2

Red-breasted 
Nuthatch

Sitta canadensis RBNU Cavity Bark insects Coniferous forest 5 5

Red-eyed Vireo Vireo olivaceus REVI Shrub Foliage insects Deciduous forest 61 56
Rose-breasted 

Grosbeak
Pheucticus ludovi-

cianus
RBGR Shrub Foliage insects Deciduous forest 13 7

Ruby-throated 
Hummingbird

Archilochus colu-
bris

RTHU Canopy Nectar and Sap Deciduous forest 1 2

Ruffed Grouse Bonasa umbellus RUGR Ground Omnivores Deciduous forest 1 1
Scarlet Tanager Piranga olivacea SCTA Canopy Foliage insects Deciduous forest 3 4
Song Sparrow Melospiza melodia SOSP Ground Ground insects and 

fruit
Fields and mead-

ows
2 1

Swamp Sparrow Melospiza geor-
giana

SWSP Shrub Omnivores Shrub swamp 4 0

Veery Catharus fusces-
cens

VEER Ground Ground insects and 
fruit

Deciduous forest 35 23

White-breasted 
Nuthatch

Sitta carolinensis WBNU Cavity Bark insects Deciduous forest 2 0

White-throated 
Sparrow

Zonotrichia albi-
collis

WTSP Ground Ground insects and 
fruit

Early-successional 15 10

Winter Wren Troglodytes troglo-
dytes

WIWR Cavity Foliage insects Lowland forest 12 0

Wood Thrush Hylocichla mus-
telina

WOTH Shrub Ground insects and 
fruit

Deciduous forest 0 5

Yellow-bellied 
Flycatcher

Empidonax fla-
viventris

YSFL Ground Flycatchers Lowland forest 2 0

Yellow-bellied 
Sapsucker

Sphyrapicus varius YBSA Cavity Bark insects Deciduous forest 2 11

Yellow-throated 
Vireo

Vireo flavifrons YTVI Canopy Foliage insects Deciduous forest 1 0
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Appendix 2

Table 4

Appendix 3

Figure 3

Table 4  List of anuran species detected during surveys. Common 
name, scientific name, timing of breeding, breeding wetland status, 
and percent of sites each species was detected in black ash wetlands 

and emergent wetlands are provided. Breeding ecology classifications 
were sourced from Lannoo 2005

Common name Scientific name Timing of breeding Breeding wetland status % of sites present

Black ash wet-
land (n = 27)

Emergent 
wetland 
(n = 20)

American Toad Anaxyrus americanus Late spring Temporary wetland 3.7 45.0
Boreal Chorus Frog Pseudacris maculata Early spring Temporary wetland 25.9 55.0
Gray Tree Frog Hyla versicolor Summer Temporary wetland 18.5 95.0
Green Frog Lithobates clamitans melanota Summer Permanent wetland 0.0 30.0
Mink Frog Lithobates septentrionalis Summer Permanent wetland 0.0 10.0
Northern Leopard Frog Lithobates pipiens Late spring Temporary wetland 0.0 30.0
Spring Peeper Pseudacris crucifer Early spring Temporary wetland 48.1 100.0
Wood Frog Lithobates sylvaticus Early spring Temporary wetland 55.6 100.0

Fig. 3  Species correlation matrices for anuran (A.) and bird (B.) JSDM latent variable models. A.) Anuran species correlations for presence/
absence. B.) Breeding bird species correlations; see Appendix 1 Table 3 for bird species abbreviation codes. Red indicates a positive correlation
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Appendix 4   Table 5

Table 5  Mean canopy height coefficient estimates and 95% confi-
dence interval from multivariate community analyses. Bolded species 
have coefficients different from zero
Taxa Common name Coefficient 

estimate
95% C.I

Birds Alder Flycatcher -0.33 0.27
American Redstart -0.14 0.15
American Robin -0.05 0.12
Black-and-white Warbler -0.05 0.07
Blackburnian Warbler 0.16 0.22
Black-capped Chickadee -0.21 0.15
Black-throated Green Warbler 0.09 0.07
Blue Jay -0.02 0.09
Broad-winged Hawk -0.13 0.30
Brown Creeper -0.06 0.11
Brown-headed Cowbird -0.62 0.44
Canada Warbler -0.11 0.19
Cedar Waxwing -0.02 0.33
Chestnut-sided Warbler -0.07 0.09
Common Yellowthroat -0.08 0.08
Downy Woodpecker 0.15 0.25
Eastern Wood-Pewee 0.18 0.12
Golden-crowned Kinglet -0.89 1.31
Golden-winged Warbler -0.05 0.24
Great Crested Flycatcher 0.05 0.14
Hairy Woodpecker 0.15 0.24
Hermit Thrush -0.05 0.16
Least Flycatcher 0.10 0.10
Magnolia Warbler -0.32 0.42
Mourning Warbler 0.19 0.15
Nashville Warbler -0.11 0.07
Northern Flicker (Yellow-shafted) 0.01 0.17
Northern Parula -0.13 0.18
Northern Waterthrush -0.02 0.15
Ovenbird 0.10 0.03
Pileated Woodpecker -0.04 0.16
Pine Warbler 0.58 1.08
Purple Finch 0.22 0.27
Red-breasted Nuthatch -0.06 0.14
Red-eyed Vireo 0.02 0.03
Rose-breasted Grosbeak -0.01 0.10
Ruby-throated Hummingbird 0.08 0.30
Ruffed Grouse -0.27 0.33
Scarlet Tanager 0.17 0.18
Song Sparrow 0.01 0.17
Swamp Sparrow -0.03 0.30
Veery -0.07 0.05
White-breasted Nuthatch 0.07 0.30
White-throated Sparrow -0.12 0.07
Winter Wren -0.02 0.14
Wood Thrush 0.19 0.15
Yellow-bellied Flycatcher -0.10 0.30
Yellow-bellied Sapsucker 0.15 0.10
Yellow-throated Vireo 0.27 0.32

Table 5  (continued)

Taxa Common name Coefficient 
estimate

95% C.I

Anurans American Toad -0.33 0.25

Boreal Chorus Frog -0.03 0.11

Gray Tree Frog -0.22 0.15

Mink Frog -2.78 4.63

Green Frog -0.44 0.41

Northern Leopard Frog -0.64 0.66

Spring Peeper -0.13 0.18

Wood Frog -0.07 0.21
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Appendix 5

Table 6
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