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Wood duck females often nest in tree cavities located in large-diameter

deciduous trees. Temporal changes in forest age and composition during

recent decades may have influenced the abundance of stems with suitable

nesting cavities in the forested portion of Northern MN, United States. Thus,

we ascertained whether temporal changes in the abundance of such stems

occurred in this area during six Forest Inventory and Analysis (FIA) evaluation

cycles (i.e., 1977 to 2015–2019). We used FIA data and independently

estimated proportions of stems with suitable cavities in different tree-species,

health-status, and diameter classes to estimate change in the abundance

of such stems at three spatial scales. These spatial scales increased in areal

extent from a study area to three ecological subsections to the Laurentian

Mixed Forest ecological province. We used a Bayesian analytical approach to

accommodate changes in FIA protocols among cycles. Both the abundance

of stems with suitable cavities and an attribute associated with cavity

occurrence changed during the analysis period, but findings were not entirely

consistent among spatial scales. The estimated abundance of both suitable

stems overall and those of late-successional tree species generally increased

at all scales during the analysis period. Since 1990, increases in the abundance

of health-impacted stems that were suitable for nesting occurred at all spatial

scales. Our estimated densities of suitable stems during the 2005–2009 (1.20

[85% CrI: 1.04–1.39] suitable stems / ha) and 2015–2019 cycles (1.41 [85%

CrI: 1.21–1.63] suitable stems / ha) were substantially greater than the <0.25

and 0.25–0.49 suitable stems / ha another study predicted would occur in
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Northern Minnesota during 2008 and 2018, respectively. Our results can

inform forest management decisions and research directions for follow-up

studies of nesting wood ducks.

KEYWORDS

Aix sponsa, FIA, Forest Inventory and Analysis, Minnesota, nesting, tree cavity, wood
duck

Introduction

Wood ducks (Aix sponsa) nest throughout much of
temperate Eastern and parts of Western North United States
(Hepp and Bellrose, 2013), usually in the cavities of large-
diameter deciduous trees (Bellrose and Holm, 1994). Tree
cavities are not thought to be limiting to the breeding
populations of cavity-nesting ducks in the Upper Midwest
(Denton et al., 2012a), but the formation of these structures
can be a slow process (Bellrose and Holm, 1994). The
selection of nest sites is attributable to habitat-related cues
(Berg and Eadie, 2020). Distance from the nest tree to water
has been suggested as a selection factor (e.g., Nagel, 1969),
but the distance from the nest tree to the first wetlands
used by some hens with broods [e.g., up to 3.9 km in
Minnesota (Ball, 1973) and 11.7 km in Texas (Ridlehuber,
1980)] indicates that this factor is not of primary importance.
In contrast, the variables tree species, diameter at breast height
(DBH) of stems, cavity height above ground level, and the
dimensions of cavity entrances and interiors are thought to
be particularly influential for nest-site selection (e.g., Boyer,
1974; Haramis, 1975; Bellrose and Holm, 1994; Zwicker,
1999). The minimum and maximum dimensional bounds and
other characteristics of cavities and associated stems used by
nesting wood ducks have been measured and characterized
at many sites across their breeding range but there were
some differences in dimensions reported by different studies
(summarized in Soulliere, 1990; Bellrose and Holm, 1994;
see section “Materials and methods” for the minimum and
maximum values we used).

The availability of stems containing cavities suitable for
nesting wood ducks has been estimated using published bounds
values and attributes in follow-up studies. Specifically, the
proportions of stems in each tree-species- and DBH-class
that had suitable nesting cavities were estimated in these
investigations (Denton et al., 2012a; Zlonis et al., 2020). Tree
health status (3 classes: dead, live–health impacted, live–healthy)
was an important influence on the probability of suitable-cavity
occurrence (hereafter, P occurrence), with dead stems having
the greatest probability, closely followed by live–health impacted
stems (i.e., those with defects that suggest a decline in health),
and finally, live–healthy stems (Zlonis et al., 2020).

Surveys specifically designed to locate and measure cavities
are needed to develop reliable models of P occurrence because
these structures may not be easily detectable (Fan et al., 2003),
may be in a clustered spatial distribution (Gilmer et al., 1978),
and may have internal dimensions or structures that prohibit
use despite seemingly suitable entrance dimensions from the
vantage point of ground-based personnel (sensu Nelson and
Roy, 2012). Cavity surveys usually are conducted at a local scale
and not systematically repeated over time because of the intense
effort required to collect sufficient data. However, the informed
management of wildlife species that use cavities requires a
better understanding of the dynamics of the abundance of these
structures at spatiotemporal scales greater than that provided by
short-term local studies.

Although the USDA Forest Service Forest Inventory and
Analysis (FIA) program has reliably measured, classified, and
estimated many forest attributes in plots established throughout
the United States since the 1930s (Smith, 2002), it has not
directly counted tree cavities in the North central United States
except during the 1990s (Nelson and Roy, 2012). Information
about wood duck nesting-substrate and FIA data has been
used to predict future cavity availability, however. Based on
projections of future forest conditions (U.S. Department of
Agriculture Forest Service, 1982), Soulliere (1990) predicted that
the population of stems with suitable cavities in the Eastern
United States would increase between 1952 and 2020 but start
to decline after 2020. Denton et al. (2012b) used empirical
data from local cavity surveys conducted on public lands
and FIA data collected at a relatively broad spatiotemporal
scale to simulate future changes in the density of stems with
structure suitable for several cavity-nesting duck species across
the Midwestern United States (ostensibly including public
and private lands) during 2008, 2018, and 2028, but did not
provide variance estimates associated with their predictions.
Such projections of wood duck nesting substrate should be
examined with empirical data collected during a long time
period (Nielsen et al., 2007).

The validity of Denton’s predictions for 2008 and 2018 now
can be verified with empirical data. However, five considerations
should be addressed as part of any analyses that can confirm or
reject these predictions. First, the most appropriate spatial scales
at which to make inferences about changes in the abundance
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of stems with suitable cavities should be identified. Intuitively,
empirical cavity data should be spatially extrapolated only to
areas with similar forest types and tree-species compositions
yet represent spatial extents large enough to address wood
duck habitat-monitoring needs. Second, there should be little
meaningful difference between the manners in which FIA and
cavity-survey data were collected. Similar field methodologies
should generate data that is more likely to produce consistent
abundance estimates of stems with suitable cavities. Third,
any changes in FIA field methodology and sampling scheme
over time could complicate efforts to accurately estimate the
abundance of stems with suitable cavities. Therefore, it may
be necessary to develop both a crosswalk to identify the most
similar FIA damage, disease, and decay codes used during
different evaluation cycles and an analytical approach that can
accommodate changes in FIA methodology. Fourth, some data
will be sparse, perhaps because some tree species are uncommon
in the geographic area of interest or have relatively few cavities.
Excluding data from such species in analyses likely would
contribute to the underestimation of abundance of stems with
suitable cavities, so it may be preferable to aggregate data from
such species into an “other” species class. Fifth, the analytical
method also should be able to accommodate the change in FIA
sampling from periodic to annual evaluation cycles so that the
temporal change in abundance of suitable stems and associated
uncertainty can be accurately estimated.

We attempted to address these issues in an analysis that used
both empirical cavity data collected on non-FIA plots during
2016–2018 and FIA tree data collected over decades to ascertain
whether any temporal change occurred in the population of tree
stems with suitable nesting cavities for wood ducks (hereafter,
suitable stems) in the forested portion of Northern Minnesota.
Our specific objectives were to (1) ascertain whether temporal
changes in the abundance of suitable stems occurred in a study
area during six FIA evaluation cycles that spanned 1977 to
2015–2019, (2) extrapolate these results from the spatial scale
of the study area to two larger spatial strata with similar forest
characteristics (i.e., three ecological subsections that intersected
the study area and an ecological province that contained
the study area plus the three subsections) within Minnesota
during each of the aforementioned cycles, (3) examine temporal
characteristics in cavity-stem abundance on private and public
lands at each of these scales, (4) compare our results with
predictions of cavity-stem density from previous research (i.e.,
Soulliere, 1990; Denton et al., 2012b), and (5) examine the
plausibility of estimates of cavity-stem abundance and the
associated uncertainty generated using our analytical approach.

Empirically based estimates of the abundance and density
of stems with cavities suitable for nesting wood ducks during
a long time period can both provide insight regarding how
cavity availability may change with forest succession and inform
contemporary forest management in North Central states.
Further, our quantitative approach can be used to estimate the

temporal change in the abundance of suitable stems in other
portions of the wood duck breeding range or other species that
use forest attributes that can be associated with FIA metrics.
Any substantial differences between the simulated density of
stems with suitable cavities Denton et al. (2012b) and our
empirically based estimates will provide information that can be
used to recalibrate the simulation model used by Denton so that
future forest conditions can be more accurately predicted. Our
approach provides further refinement in the estimation of wood
duck nesting structure availability, and unlike previous work,
reports the uncertainty associated with the estimated abundance
and density of suitable stems. Researchers can use information
we report (e.g., the extent to which results of local surveys should
be extrapolated to greater spatial scales, likely sample size needs,
specific FIA inventories that collected data in a manner that is
inconsistent with project needs, potential sources of bias) during
the design of their studies.

Materials and methods

Study site

We conducted cavity surveys in a study area of 254,051 ha
(land and water combined) located in the Northern and Eastern
portions of Cass County in North central MN, United States
(Figure 1A). This area occurs within the Chippewa Plains, St
Louis Moraine, and Pine Moraine-Outwash Plain (2,782,822 ha,
Figure 1B) ecological subsections and the Laurentian Mixed
Forest ecological province (9,375,320 ha, Figure 1C; Cleland
et al., 2007). These subsections are contained within the
ecological province of interest. The estimated area (ha) of land
in public and private ownership at each spatial scale and during
each inventory are presented in Table 1. We selected this
study area because (1) it was generally representative of the
greater ecological province in which it occurs, thus allowing
results to be extrapolated to that spatial scale, (2) the airborne
Lidar and remote-sensing data collected at this site allowed
us to associate those data to stands with suitable cavities
(Zlonis et al., 2022), and (3) of the ecological value to wood
ducks (S. Cordts, Minnesota Department of Natural Resources,
personal communication).

Cavity survey

Minnesota Department of Natural Resources (MNDNR)
personnel designed a survey to identify cavities suitable
for nesting wood ducks (hereafter, Cavity Survey). Data
from this survey were used to model and estimate the
proportion of tree stems with cavities suitable for nesting
wood ducks (Zlonis et al., 2020). We incorporated FIA field
protocols (U.S. Department of Agriculture Forest Service, 2014)
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FIGURE 1

Estimates of the abundance of tree stems in three forest
successional classes that were suitable for nesting wood ducks
in (A) the ecological province that contained the study area, (B)
three ecological subsections that intersected the study area, and
(C) a North central MN, United States study area.

to the extent that was practical to ensure that the tree
variables measured in the Cavity Survey were similar to
FIA data (e.g., assignment of tree species, measurement of
stem DBH). However, it was necessary to change some FIA
protocols to increase the efficiency of the Cavity Survey and
representativeness of the cavity data collected (e.g., altering
the sample plot size and placement, reducing the number and
complexity of variables measured under the FIA approach; see
Zlonis et al. (2020) for a thorough description of methodology).
Further, FIA has plots located on lands in public and private
ownership and in all forest types and ages, but we conducted
Cavity Surveys only on public lands (i.e., USDA Forest Service,
State of Minnesota, Cass County) in our study area because
most of timberland at this site was in this ownership class
(U.S. Department of Agriculture Forest Service, 2022), there
was greater ease of obtaining access to these properties by field
personnel, and the forest databases of these properties contained
information about forest types and stand ages that could be used
to identify stands that had some likelihood of containing stems
with suitable cavities. We also selected survey stands of only the
ages and in the forest types in which there was some likelihood of
suitable cavities occurring [i.e., aspen and birch stands≥50 years
old, and lowland deciduous, oak, upland pine, and northern
hardwood stands ≥80 years old (see Gilmer et al., 1978)], and
excluded stands of forest types or ages that had a low likelihood
of containing suitable stems.

We randomly selected 300 forest stands (60 stands of each
of the 5 targeted types) to be surveyed, then randomly selected
locations for 1–2 sample plots within these stands. We stipulated
that plot centers must be both ≥50 m apart and ≥30 m from
the nearest stand boundary to increase the likelihood that the
interior diversity of vegetation structure of each forest type was
adequately represented. We then randomly selected n = 563
plots but could survey only 323 plots because of logistical
reasons (e.g., flooding, time constraints) and the removal of
19 plots from the sample because of nearby heritage sites that
restricted activities or scheduled timber harvests that would
remove trees before surveys could be performed.

We navigated to the selected plot centers using a Garmin
Montana Global Positioning System (GPS) receiver and
established 20-m radius circular plots (0.126 ha) around those
points. In a few situations, we adjusted the location of plots to
where the forest structure was more representative of interior
stand conditions (e.g., plots located near ecotones not indicated
on available geospatial-data layers were moved a short distance
into the stand interior, see Zlonis et al., 2020). We obtained
location data for each plot center using Geneq Sx Blue II (0.9–
1.8 m accuracy under closed forest canopy when obtaining
1 reading / 5 s for approximately 15 min) or Geneq Sx
Blue II + GNSS (0.5–0.9 m accuracy under closed forest
canopy when obtaining 1 reading / 5 s for approximately
15 min) GPS units.
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TABLE 1 The estimated area (ha) of land in public and private ownership overall and percentage of land in these ownership classes that meet or
exceed the age threshold in which cavities suitable for nesting wood ducks are likely to occur in the forested portion of Minnesota during six forest
inventory and analysis evaluation cycles.

Area of
ownership (ha)

% Of land in ownership class
that met or exceeded age

threshold1

Spatial scale Evaluation cycle Public Private Public Private

Study area 1977 149,617 22,256 35.1 21.1

1990 153,894 22,503 41.1 31.7

2000–2004 151,033 14,197 31.2 45.1

2005–2009 147,983 15,954 32.3 27.5

2010–2014 148,158 16,388 35.9 39.8

2015–2019 153,259 17,679 32.8 53.5

Three ecological subsections 1977 839,381 750,368 28.5 19.9

1990 857,668 738,458 35.1 29.3

2000–2004 836,900 683,563 30.3 27.9

2005–2009 836,299 712,112 31.6 29.3

2010–2014 849,536 707,629 31.8 30.3

2015–2019 859,939 717,921 32.7 31.0

Ecological province 1977 2,664,473 2,118,583 26.7 21.2

1990 2,928,009 2,152,573 33.7 30.7

2000–2004 2,935,972 2,089,667 34.8 29.6

2005–2009 3,065,187 2,195,090 36.7 31.2

2010–2014 3,112,479 2,207,995 36.5 33.5

2015–2019 3,117,337 2,235,018 36.6 34.8

These estimates were generated for three spatial scales: the Cass County study area in which empirical cavity data were collected, the three ecological subsections (i.e., Chippewa Plains, St
Louis Moraines, Pine Moraines–Outwash Plains) that intersected the study area, and the Laurentian mixed forest ecological Province. Differences in these estimates within a spatial scale
may reflect changes in ownership, changes in age distribution, and measurement error. 1Threshold ages are ≥50 years for aspen and birch and ≥80 years for all other forest types.

We used U.S. Department of Agriculture Forest Service
(2014) protocols to classify stand structure (5 classes: single
story, two-storied, multi-storied, mosaic, unknown or not
assessable) and classify and measure several tree variables for
stems that were not leaning >45◦ and tall enough for the DBH to
be measured (i.e.,≥1.37 m), including species and DBH (0.1 cm
increments) for those stems large enough to accommodate
cavities used by nesting wood ducks [i.e., ≥22.0 cm DBH
(Haramis, 1975)]. We also recorded the health status of each
stem [7 classes: (1) healthy live trees with no defects that threaten
its long-term health, (2) live trees with defects that suggest
a decline in health (e.g., dead limbs, decay on the bole, the
presence of fungi), (3) recently dead trees with bark, limbs, and
twigs largely intact, (4) dead trees that have lost some limbs and
almost all the twigs, (5) dead trees that have lost most limbs and
all twigs, (6) dead trees with broken tops and bole wood that is
hard, and (7) dead trees with broken tops and bole wood that
is soft (Thomas et al., 1979)]. We combined all stages of dead
stems into a single class because these data were sparse. Thus,
each stem was assigned to one of three health-status classes:
live-healthy (1), live-health impacted (2), and dead (3–7).

Field crew members then used 8 × 40, 10 × 40, or
10 × 50 binoculars to conduct a preliminary search of each

tree in the plot to visually detect cavities that potentially were
suitable for nesting by wood ducks. During the initial search,
personnel ascertained whether the entrance dimensions likely
were sufficient to permit a wood duck to pass through (i.e.,
6 cm × 6 cm; Zwicker, 1999) and the bottom of cavity
entrance was high enough to be used by nesting wood ducks
[i.e., ≥0.6 m above ground level (Strom, 1969)]. When a
potentially suitable cavity was encountered, we measured cavity
height with either a 15.2 m measuring ruler (± 0.1 m),
rangefinder (± 0.1 m), or clinometer (± 0.5 m). We then
used a remote camera attached via a stiff, braided wire to the
measuring ruler (sensu Waldstein, 2012) to perform a thorough
examination of the entrance and interior of the cavity. We first
determined whether cavity entrance dimensions were suitable
by attempting to pass a cardboard cut-out of the minimum
usable dimensions through the cavity opening. The cut-out was
placed on the wire connecting the camera to the measuring
ruler. We then examined cavity interiors with the camera
to ascertain whether the following conditions had been met:
horizontal depth appeared large enough for hens to move from
the entrance to the interior of the cavity (approximately 10 cm
from inner edge of the entrance opening toward the back of
the cavity), vertical depth (from the bottom of the cavity to
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the bottom of the entrance) was ≥10.2 to 4.5 m; Bellrose and
Holm, 1994 p. 176) and not hollow to the ground (Robb,
1986), potential nesting platforms in cavity interiors that were
≥14 cm × 15 cm (Boyer, 1974; Haramis, 1975; Denton et al.,
2012a), and the cavity did not contain standing water or excess
debris (Sousa and Farmer, 1984).

Field personnel used this information to classify the
suitability of each examined cavity for wood duck nesting (4
levels: suitable, marginal, unsuitable, unknown). We considered
a cavity to be suitable if all these conditions were met.
A cavity was classified as marginal if it was unclear whether
all dimensional requirements were met (i.e., ≥1 dimensional
measurement appeared to be close to some minimum or
maximum value). We typically classified cavities as unknown
if personnel were unable to completely observe the cavity,
either because of cavity height or some structural attribute did
not permit observation with the camera. We also considered
a cavity to be unsuitable if any dimensional measurement
was not met or if there was standing water or excess debris
in the cavity. Our assessment of the suitability of interior
characteristics required some subjective image interpretation
because direct measurements could not be made with
our camera system.

Forest Inventory and Analysis

Minnesota FIA published reports have been available since
1936 and electronic field data are publicly available for the
1977 and 1990 periodic inventories and all annual inventories
beginning in 1999. FIA sample designs and plot designs have
changed considerably over time, but measurement protocols
have remained relatively consistent during recent decades.
However, four changes relevant to our analysis occurred
between the 1977 and 2015–2019 cycles. First, all accessible
plots were measured within a period of about 1 year during
the 1977 and 1990 periodic inventories, but during annual
inventories (1999–present) only about 20% of sample plots were
measured each year, resulting in 5-year evaluation cycles to
measure a full sample of plots (e.g., 1999–2003). Second, the
1990 evaluation used a model-assisted, two-phase design that
includes data from a subsample of undisturbed plots that were
modeled from 1977 data (i.e., not remeasured during the 1990
cycle). Third, definitions of standing dead trees used in the 1977
and 1990 periodic inventories and annual inventories (since
1999) changed. All inventories tallied mortality trees ≥12.7 cm.
However, the 1977 inventory tallied mortality for both standing
and down trees, but only if mortality occurred within the
previous three years. During the 1990 inventory, such stems
were tallied if either they were (1) dead in the 1977 inventory and
were “. . .still standing or if they had been cut,” (2) alive in the
1977 inventory but dead during the 1990 inventory, or (3) were
new trees not measured in 1977 (ingrowth, ongrowth) and had

died within 3 years. Subsequent FIA annual inventories included
only standing dead trees (i.e., down dead trees were excluded)
and did not constrain mortality to having occurred within the
previous 3 years. Beginning during the 1999 cycle, dead stems
were tallied as a standing dead tree if the DBH was≥12.7 cm, the
unbroken length of the bole was ≥1.37 m, and the stem leaned
<45◦. Fourth, the coding of tree damage, disease, and decay
(hereafter, damage codes) has changed several times from 1977
until present. Importantly, no tree damage codes were recorded
during the 1999 annual inventory cycle.

Because we wanted to better understand how the abundance
of suitable stems changed during as long a time period as
possible, it was necessary to include data from both periodic
and annual inventories in analyses. We took two steps to address
these changes in FIA methodology that occurred both between
and within these two types of inventories and to ensure that
comparable data were queried from FIA and Cavity Survey
databases. First, we did not include 1999 FIA data in our
analysis because no tree-damage data were recorded during that
evaluation. Rather, we used data from 1977 and 1990 periodic-
evaluation cycles, as well as post-1999 annual-inventory data
aggregated across 5-year periods (i.e., 2000–2004, 2005–2009,
2010–2014, 2015–2019). Second, we developed a health-status
crosswalk to ensure that the classification of stem health was
consistent both among FIA evaluation cycles and between FIA
and the Cavity Survey. When it was not possible to completely
reconcile differences among FIA evaluation cycles and between
FIA and the Cavity Survey, we explicitly stated the assumptions
that were necessary to proceed with our analyses.

Health-status crosswalk

We identified FIA damage code definitions that were similar
among evaluation cycles and most closely corresponded to those
used in the Cavity Survey for live-healthy, live-health impacted,
and dead stems in the development of the health-status
crosswalk. Although FIA damage codes and definitions have
changed multiple times, an underlying premise across all these
inventories is that damage or pathogen activities were recorded
only when serious enough to reduce the quality or vigor of a
tree (U.S. Department of Agriculture Forest Service, 1986). The
FIA tree attributes most closely corresponding to the MNDNR
live-health impacted definition (i.e., live stems with defects that
suggest a decline in health) include AGENTCD (used during the
1977 and 1990 evaluation cycles), DAMAGE_AGENT1_NCRS
(used during 2000–2012), and DAMAGE_AGENT_CD1 (used
during 2013–2019). Stems classified as live-healthy in the Cavity
Survey likely would not have been assigned a damage code
in FIA. The manner in which stems that would have been
classified as dead in the Cavity Survey has changed among
FIA evaluation cycles, as described in the Forest Inventory and
Analysis (FIA) subsection.
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Forest Inventory and Analysis database
query development

We queried the FIA database (FIADB) to extract data that
closely corresponded to the characteristics of stems sampled
in the Cavity Survey that were associated with P occurrence;
(i.e., tree species, DBH, health status; Zlonis et al., 2020).
We limited these data to stems ≥22.0 cm DBH located on
sites classified as timberland by FIA [i.e., forest land that
is producing or is capable of producing crops of industrial
wood and not withdrawn from timber utilization by statute
or administrative regulation, capable of producing >0.57
cubic meters per hectare per year of industrial wood in
natural stands. Timberland includes currently inaccessible and
inoperable areas (Bechtold and Patterson, 2005)]. Timberland
comprises approximately 90% of all forest land in Minnesota.
Forest land is land ≥10% canopy cover by live tally tree
species of any size or has had ≥10% canopy cover of
live tally tree species in the past, based on the presence
of stumps, snags, or other evidence. Forest land includes
transition zones, such as areas between heavily forested
and non-forested lands that meet the minimal tree cover
and forest areas adjacent to urban and built-up lands. The
minimum area for classification of forest land is 0.4 ha and
36.6 m wide measured stem-to-stem from the outer-most
edge. Unimproved roads and trails, streams, and clearings
in forest areas are classified as forest if <36.6 m wide. To
correspond with the Cavity Survey, we excluded FIADB forested
plots classified as Reserved (e.g., Designated Wilderness) or
“Other” (unproductive); i.e., we included only timberland,
which was consistent across all Minnesota FIA inventories
between 1977 and present. Timberland composed about 95%
of all forest land at both the Cass County study area and three
ecological subsections spatial scales, and 89% of that in the
ecological province.

We aggregated the extracted tree-stem data by species, land
ownership (private vs. public), geographic area (i.e., study area,
three ecological subsections that intersected the study area, and
the ecological province that contained the study area as well as
the three subsections) and evaluation cycles (i.e., 1977, 1990,
2000–2004, 2005–2009, 2010–2014, 2015–2019). We also used
the health-status crosswalk to aggregate stems into the three
health-status classes used in the Cavity Survey.

Assumptions

1. The proportions of live-healthy, live-health impacted,
and dead stems of each of the 8 individual tree species and
the less common species aggregated into “other hardwoods”
and “softwoods” classes that were >22.0 cm DBH and in
older stands on public lands generated from the Cavity Survey
were not significantly different than that observed in the

corresponding species-health status-DBH bins of FIA data
for the same time period, land ownerships, and geographic
areas examined (i.e., study area, three ecological subsections,
ecological province). However, class proportions could vary
spatially (e.g., county-by-county) and temporally (e.g., year-
by-year) because of the heterogeneous frequency of damage
and death events.

2. The proportions (and associated distributions) of stems
with suitable cavities in each species- health status-DBH bin
measured in the Cavity Survey were representative of the
geographic areas, ownership type (i.e., public, private), and time
periods to which data were extrapolated.

3. FIA non-damaged trees, damaged trees, and dead
trees were representative of the Cavity Survey’s live-healthy,
live-health impacted, and dead classes, respectively, across
all versions of FIA damage and dead tree definitions. For
example, the different FIA damage codes assigned to stems
[i.e., AGENTCD (1977, 1990), DAMAGE_AGENT1_NCRS
(2000–2012), and DAMAGE_AGENT_CD1 (2013–
2019)] had the same threshold for contribution to the
live-health impacted class.

4. The stand-type classification system used by FIA is
consistent with that used in the Cavity Survey (i.e., aspen-
birch, lowland hardwood, upland pine, northern hardwood,
oak, other). Note: plots in the “other deciduous” and
“coniferous” classes were not included in the Cavity Survey
but were examined by FIA and probably contained some tree
species of interest.

5. Stand age was measured in the same manner during FIA,
USFS, State, and Cass County surveys.

6. The areal extent of land in private and public ownership
remained constant during the period of analysis.

7. The minimum DBH (22.0 cm) of a normally proportioned
stem (i.e.., no unusual swelling), range of minimum
and maximum dimensions of cavities, and other cavity
characteristics in which the scientific literature indicates
that wood ducks nest is applicable to our geographic area of
inference (see Denton et al., 2012b).

8. Individual stems on public lands have the same
probability of forming a suitable nesting cavity as an individual
stem of the same species-DBH-health status class on private land
(see Denton et al., 2012b).

Data analysis

We used the R2jags package (Su and Yajima, 2020)
in the R Programming Language (R Core Team, 2020)
to construct a Bayesian estimator of trees >22.0-cm DBH
that potentially contained at least one cavity suitable for
nesting wood ducks in Northern Minnesota. Our primary
reason for using a Bayesian approach was to incorporate
estimates of sampling uncertainty associated with both our
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P occurrence estimates and FIA estimates. Estimating overall
uncertainty was complicated in this case because the logistic
cavity model was applied to each FIA estimate and FIA
estimates were generated from a sampling design, but we
only had estimates of total trees and sampling error by
summary group (vs. plot-level counts). We explored treating
estimates of total cavities as the product of two independent
random variables (i.e., the probability of a tree having a
suitable cavity x the number of trees in that subgroup)
and using the Delta method (Goodman, 1960; Seber, 2002,
pp. 7–9) to compute an approximate variance. However,
the assumption of independence likely was not entirely
valid when summing variances across groups, which could
have resulted in variance estimates that were negatively
biased. Thus, we chose to use a Bayesian approach to
compute the variance of our cavity-stem estimates because
this approach could provide v̂ar (Ŷ) that was closer to the
truth in this complex estimation problem. We acknowledge
our Bayesian approach might result in positively biased
variance estimates because we could not account for the
FIA sampling design and the likely covariance among FIA
estimates (subgroupings). We believed this was better than
presenting variance estimates that were too conservative
with respect to estimating var (Y), which when making
comparisons would lead us to conclude that important changes
in abundance had occurred when actually differences might
have represented sampling error.

We conducted our analysis at three spatial scales [i.e.,
study area, three ecological subsections that intersected the
study area, the Laurentian Mixed Forest (ecological province
212)] over six FIA analysis periods (1977, 1990, 2000–2004,
2005–2009, 2010–2014, and 2015–2019). There appeared to
be sufficient data to estimate the abundance of suitable
stems for the individual tree species American basswood
(Tilia americana), bigtooth aspen (Populus grandidentata),
Northern red oak (Quercus rubra), paper birch (Betula
papyrifera), quaking aspen (Populus tremuloides), red maple
(Acer rubrum), sugar maple (Acer saccharum), and yellow
birch (Betula alleghaniensis). It was necessary to aggregate
the 22 less common tree species into “other hardwoods”
and “softwoods” classes, which comprised 12 and 10% of
the stems measured in the study area (Zlonis et al., 2020),
respectively, so that the abundance of these two groups
also could be estimated. We also aggregated tallies of the
eight most common tree species into late- (i.e., American
basswood, Northern red oak, sugar maple), mid- (i.e., red
maple, yellow birch), and early-successional species (i.e.,
bigtooth aspen, paper birch, quaking aspen) for an additional
analysis that facilitated an improved understanding of how
cavity abundance may change with successional stages of
forests in Minnesota.

We started by fitting a Bayesian version of the logistic
cavity model described by Zlonis et al. (2020), which was

used to estimate the mean probability E(p) of a tree >22.0-
cm DBH containing ≥1 cavity suitable for nesting wood ducks
given covariates for species, health status (i.e., live healthy,
live-health Impacted, dead), and DBH (>=22.0 cm). We
expanded the species groupings to include “other hardwoods”
and “softwoods” in addition to eight common tree species;
otherwise the model was similar to that of Zlonis et al.
(2020). We used flat priors for the logistic-cavity model but
restricted starting values to being drawn from a multivariate-
normal distribution using estimated regression coefficients (β̂)
and their variance-covariance matrix (6) from a frequentist
version of the same model. We used flat priors for two
reasons. First, we did not have prior information or beliefs
regarding the parameter of interest or its statistical distribution.
Second, we wanted to emulate our frequentist approach
to estimating the abundance of suitable stems, so used a
Bayesian approach to improve our estimate of the var(Ŷ),
which had multiple sources of uncertainty. Using flat priors
is equivalent to fitting our cavity model using a frequentist
approach (glm fnc).

We then used the resulting regression equation to estimate
E(p) for each observation in each FIA dataset (from three
spatial scales) based on species, health status, and mid-
point of DBH bins (5-cm bins starting at 22.0 cm, with the
largest bin having a midpoint of 81 cm). Each observation
reflected FIA estimates of total trees by species, health
status, DBH bin (≥22.0 cm), FIA evaluation cycles, and
ownership class (public vs. private timberland). We treated FIA
estimates of total trees in each subgrouping as independent
random variables γ having negative binomial distributions
with p and r hyper-parameters defined using the following
equations:

r = µ2/(σ− µ)

p = r/(r + µ)

where µ = FIA estimate of tree abundance in each
subgrouping, σ2 = var(FIA estimate), r = dispersion
parameter, and p = probability of success in a
Bernoulli trial.

We then defined estimated cavities E(Cav) for each
subgrouping as the product of E(P) and γ. We used three
Monte Carlo chains with 5,000 iterations each, a burn-in
of 800, and thinning rate = 3 to construct the posterior
distributions for E(p) and E(Cav). We evaluated convergence
using the Gelman–Rubin statistic and traceplots. We also
compared β̂ and 6 from our Bayesian and frequentist models
as a quality-control measure. Likewise, we compared point
estimates of total cavity trees from the Bayesian model to
point estimates derived using our frequentist model applied
to FIA estimates of total trees. Finally, we computed mean
values and 85% credible intervals (CrIs) based on the posterior
distributions of E(Cav) for each spatial scale and various
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subgroupings of species, health status, FIA evaluation cycle,
and ownership type.

Conversion of abundance estimates to
density estimates

The density of suitable stems is a more meaningful metric
than abundance when comparing available nesting substrate
among geographic areas of different spatial extent. Therefore,
we converted estimates of the latter to densities of suitable stems
[i.e., estimated number of suitable stems / estimated land area
(ha) classified as timberland by FIA] for geographic areas of
interest during each evaluation cycle (Table 1). We chose to
estimate the area of timberland using FIA EVALIDator (U.S.
Department of Agriculture Forest Service, 2022) rather than GIS
because the associated metric stem abundance was estimated
using that tool.

The uncertainty associated with the estimated area of
timberland using EVALIDator in conjunction with that
associated with abundance estimates probably was greater than
the uncertainty associated with the latter parameter. Thus,
temporal changes in density may not be as detectable as those
of abundance. Therefore, we focused on estimates of abundance
when examining temporal changes in the availability of cavity
stems within particular geographic areas and those of density
when comparing our results with other studies.

Plausibility of results

Because we used a new analytical approach to estimate the
abundance of stems with suitable cavities and FIA sampling
methodology changed somewhat during the analysis period,
we examined results for evidence of spurious estimates and
general plausibility (e.g., whether temporal changes in estimated
cavity abundance were as expected under a scenario of forest
succession). We also identified potential sources of biases, and
when possible, the likely direction and extent of these biases.

Generating plausible results under our approach relied in
part on making realistic assumptions. Unfortunately, it is not
possible to test many of the assumptions that were necessary
for our analysis. For example, it was impossible to determine
whether proportions of stems with suitable cavities in each
species-health status-DBH bin measured in the Cavity Survey
were representative of the geographic areas, ownership types,
and FIA cycles under consideration because the former survey
was not conducted during earlier periods. However, it is possible
to examine support for Assumption 1 using estimates of the
mean percentage of public timberland in these potentially
suitable age classes and Assumption 6 using estimates of the
land area in public and private ownership at each spatial scale
of interest during each FIA inventory (Table 1).

Results

Temporal changes in the abundance
and density of stems suitable for
nesting wood ducks

The estimated abundance (Figures 2A–C) and density
(Table 2) of suitable stems of all species aggregated generally
increased at the three spatial scales examined during the period
of analysis, with the lowest estimated density occurring at the
ecological-province scale and greatest at the study-area scale
during corresponding time periods. Density estimates ranged
from 0.90 suitable stems/ha at the ecological-province scale
during the 1977 inventory to 1.90 stems / ha at the study-area
scale during the 2015–2019 evaluation cycle.

Interestingly, there were differences among the spatial scales
regarding the manner in which the abundance and density of
suitable stems increased during the analysis period. Specifically,
there were 50.8, 57.5, and 72.3% increases in the point estimates
of suitable stem densities at the study-area, three-ecological-
subsection, and ecological-province scales, respectively, between
1977 and 2015–2019. Further, the abundance of suitable stems
at the ecological-province scale increased in a consistent
manner between the 1977 and 2010–2014, and then was
approximately stable between 2010–2014 and 2015–2019.
Abundance of suitable stems generally increased at the
three-ecological-subsection and study-area scales during the
period of analysis, but there were anomalous peaks during the
1990 cycle, followed by decreases during the 2000–2004 cycle,
then increases during the remainder of the analysis period
(Figures 2A–C).

The temporal changes of estimated abundance of suitable
cavities on public and private lands were similar at the two larger
spatial scales during the period of analysis. In contrast, cavity-
stem abundance at the study area scale was relatively stable over
time on private land, but generally increased on public land
beginning during the 2000–2004 cycle (Figures 2A–C).

Abundance estimates for individual
trees species and successional groups

Our results indicate that temporal variation occurred in the
abundance of stems of relatively common species (i.e., American
basswood, sugar maple, Northern red oak, red maple, yellow
birch, quaking aspen, bigtooth aspen, paper birch), as well as the
22 less common tree species aggregated into “other hardwoods”
and “softwoods” classes, that had cavities suitable for nesting
wood ducks (Supplementary Table 1). Important similarities
and differences in the temporal changes in estimated abundance
of suitable stems of these common species at the spatial scales
examined are as follows.
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FIGURE 2

(A–C) The three spatial scales in MN, United States in which the abundance of stems with cavities suitable for nesting wood ducks was
estimated using tree-cavity data from and Forest Inventory and Analysis data. (A) Is the study area in which cavity data were collected, (B) is the
three ecological subsections the intersect with the study area, and (C) is the ecological province in which the study area occurred.

TABLE 2 Estimates of the density (85% Credible Intervals) of tree stems with cavities suitable for nesting wood ducks in the forested portion of
Minnesota during six forest inventory and analysis evaluation cycles.

Density estimates at three spatial scales

Evaluation cycle Study area Three ecological subsections Ecological province

1977 1.31 (1.01–1.65) 1.15 (0.95–1.38) 0.89 (0.73–1.07)

1990 1.45 (1.21–1.71) 1.45 (1.22–1.70) 1.10 (0.92–1.29)

2000–2004 1.33 (1.10–1.59) 1.42 (1.22–1.63) 1.18 (1.01–1.36)

2005–2009 1.69 (1.39–2.02) 1.49 (1.28–1.72) 1.20 (1.04–1.39)

2010–2014 1.95 (1.62–2.31) 1.75 (1.50–2.02) 1.40 (1.20–1.61)

2015–2019 1.97 (1.64–2.32) 1.82 (1.56–2.09) 1.41 (1.21–1.63)

These estimates were generated as estimated abundance / estimated area (ha) for three spatial scales, which ranged in areal extant from a study area in Cass County to the three ecological
subsections (i.e., Chippewa Plains, St Louis Moraines, Pine Moraines–Outwash Plains) that intersected the study area, and the Laurentian mixed forest ecological Province.
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The abundance of suitable American basswood, sugar
maple, and Northern red oak stems generally increased at all
scales examined during the period of analysis. However, suitable
Northern red oak stems decreased slightly in abundance at
the two larger spatial scales after the peak occurring during
the 2000–2014 evaluation cycle. Suitable red maple and yellow
birch stems increased in abundance at the two larger spatial
scales between the 1977 and 2015–2019 cycle. At the study
area scale, however, red maple peaked in abundance during
the 2010–2014 cycle and then declined substantially. Yellow
birch peaked in abundance during the 1990 inventory, had
an estimate of zero suitable stems during the 2000–2004
cycle, and was approximately stable during the 2005–2009 to
2010–2019 cycle. The highest abundance of suitable quaking
aspen stems at the two larger spatial scales occurred during
the 1990 inventory, then decreased and was approximately
stable between the 2000–2004 and 2015–2019 cycles. Suitable
stems of this species generally decreased at the study area
scale between the 1977 and 2000–2004 cycles, then increased
slightly until the end of the analysis period. The abundance
of suitable bigtooth aspen stems generally increased at the
two larger spatial scales during the analysis period. However,
the abundance of this species at the study area scale was
approximately stable between the 1977 and 2000–2004 cycles,
peaked during the 2005–2009 cycle, decreased during the
2010–2014 cycle, and then increased. Suitable paper birch
stems increased in abundance at the two larger scales from
the 1977 inventory until the 2000–2004 cycle, and then was
approximately stable until the end of the analysis period.
At study area scale, suitable paper birch stems increased in
abundance from 1977 until the peak during the 2000–2004
cycle, and then was approximately stable until the end of the
analysis period.

There also was temporal variation in the abundance
of suitable stems in each successional class, but these
changes sometimes were not consistent among spatial scales
(Figures 3A–C). The estimated abundance of suitable stems
of late-successional species (i.e., American basswood, Northern
red oak, sugar maple) increased from 1977 through 2015–
2019 at all spatial scales examined but appeared to stabilize at
the ecological-province scale after 2010–2014. The abundance
of suitable mid-successional species (i.e., red maple, yellow
birch) stems increased throughout the analysis period at the
two larger spatial scales, but at the study-area scale increased
until 2010–2014 and then decreased slightly. The abundance of
suitable early successional species (i.e., bigtooth aspen, paper
birch, quaking aspen) stems peaked during 1990 at the two
larger spatial scales and during 1977 at the study-area scale.
Estimates of suitable early successional stems decreased slightly
after the 1990 peak and then were somewhat stable at the two
larger spatial scales, but decreased relatively markedly from the
1977 peak until 2000–2004 and then increased at the study-
area scale.

Health status

The estimated abundance of suitable stems of all health-
status classes exhibited temporal changes, but that of live-health
impacted stems was greater than those of the two other health-
status classes at all spatial scales and during corresponding
evaluation cycles (Supplementary Table 2). Similarly, the
estimated abundance of suitable dead stems was greater than
that of live-healthy stems except at the two largest spatial scales
during the 1977 cycle.

Generally, the abundance estimates of suitable stems in the
live-health impacted class temporally increased at all spatial
scales, with lowest estimates occurring within the ecological-
province spatial scale during the 1990 cycle. At the two smaller
scales, the lowest estimates of suitable live-health impacted
occurred during the 2000–2004 cycle. The estimated abundance
of suitable live-healthy stems increased at all spatial scales
examined between the 1977 and 1990 cycles, but then became
somewhat stable during the remainder of the analysis period.
The estimated abundance of dead stems with suitable cavities
was approximately stable from the 1990 cycle onward at
all spatial scales.

Plausibility of results

Most of our results appear plausible, with the width
of 85% CrIs decreasing as both the spatial scale of
the area examined and number of FIA plots increased
(Supplementary Tables 1, 2). However, a few estimates of the
abundance of suitable stems, as well as the characteristics of
temporal change of some estimates, appear anomalous (e.g.,
abundance estimates during one evaluation cycle that were
markedly different than those of immediately preceding and
following cycles). Many questionable abundance estimates
are associated with less common species, the smallest spatial
scale examined, and the abundance of dead and live-health
impacted stems during the 1977 and 1990 FIA inventories.
Specific examples of questionable results are (1) the estimated
abundance of zero suitable yellow birch stems at the study-
area scale during 2000–2004 is unexplainably low, given that
the estimates for such stems were >3000 during 1990 and
2005–2009, (2) the estimated abundance of Northern red oak at
the study-area scale during 2000–2004 cycle was substantially
lower than those from preceding and following cycles, (3) the
estimated abundances of American basswood at the three-
ecological-subsection scale during 1990 and bigtooth aspen
at the study-area scale during 2005–2009 were higher than
estimates from preceding and following cycles, (4) substantial
decreases in the abundance of live-health impacted stems
following the 1977 inventory at the two largest scales examined
and after the 1990 inventory at the study-area scale, and (5) the
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FIGURE 3

Estimates (85% CrIs) of the abundance of tree stems (all species aggregated) which were suitable for nesting wood ducks in (A) a North Central
MN, United States study area, (B) three ecological subsections that intersected the study area, and (C) the ecological province that contained
the study area.

abundance estimates of suitable dead stems at the two largest
spatial scales were exceptionally low during 1977.

Discussion

Temporal changes in the abundance
and density of stems suitable for
nesting wood ducks

Our quantitative approach used data from a local survey
of tree cavities and FIA to generate plausible estimates of the
abundance of stems suitable for nesting wood ducks, as well

as the associated 85% CrIs, at both this and greater spatial
scales (i.e., the three ecological subsections and ecological
province containing the study site) and to different time periods.
This extrapolation provided insight regarding the temporal
dynamics of suitable stem abundance in the forested portion
of Northern Minnesota. For example, our results suggest
that the abundance of stems with suitable cavities increased
at the three spatial scales examined between the 1977 and
2015–2019 FIA. We attribute these increases in part to the
advancing of forest succession in Northern Minnesota (see
Kilgore and Ek, 2013), as evidenced by the general increase
in abundance of suitable stems of mid- and late successional
tree species, a decrease in the abundance of suitable stems of
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early successional species, and an increase in the estimated
abundance of suitable live-health impacted stems (see Hale et al.,
1999).

Two characteristics of the temporal variation in abundance
and density of suitable stems are particularly relevant to the
understanding of how these forest attributes might change in
different situations. First, the greatest density of suitable stems
occurred at the study-area and the lowest at the ecological-
province scales during corresponding evaluation cycles, but
the greatest percentage of increase occurred at the ecological-
province scale and lowest at the study-area scale. The apparently
greater population growth rate of suitable stems at the spatial
scale with lowest density during the 1977 inventory suggests
that cavity density can increase from the past conditions
that were associated with low density. However, the lower
rate of increase of suitable-stem density in the spatial scale
with the greatest initial density suggests that there may be
some maximum density of suitable stems that can occur
in the forested portion of Northern Minnesota. Second, the
estimated abundance of suitable stems on public and private
lands increased in a similar manner at the two largest
spatial scales examined, but temporally diverged at the study-
area scale beginning during the 2000–2004 cycle; i.e., the
abundance of suitable stems on public lands increased but
was approximately stable on private lands during the same
period. Although results for private land at the study-area scale
should be viewed with caution because of small sample sizes
(see below), it also may be that ownership-based differences
in cavity density were influenced by associated differences in
site productivity and land management practices. In general,
managed landscapes have fewer cavities than do the unmanaged
(e.g., Andersson et al., 2018), but sample size limitations did
not permit an examination of how management differences
among each public land administrator (USDA Forest Service,
State, County) and private landowners influenced cavity density
in our study area.

Abundance estimates for individual
trees-species, successional, and
health-status groups

As would be expected in a geographic area in which
the areal extent of old forests increased (Peters et al.,
2021), there generally were increases in the abundance of
suitable stems of late successional tree species (i.e., American
basswood, Northern red oak, sugar maple), both individually
(Supplementary Table 1) and as a successional group, during
the period of analysis (Figures 3A–C). A similar increase
occurred with the mid-successional species (i.e., red maple,
yellow birch) group, but there were species-specific differences
in the temporal change in abundance. It is predictable that
the greatest abundance of suitable early successional stems

occurred during the earlier evaluation cycles, when the forests
in Minnesota ostensibly were younger. The persistence of a
relatively moderate abundance of these stems until the end of
the analysis period, along with an increase in the areal extent
of old (i.e., ≥90 years) aspen and birch stands in Minnesota
between 2003 to 2018 (Peters et al., 2021), initially appear
encouraging from the perspective of wood duck population
management because quaking aspen (Gilmer et al., 1978) and
bigtooth aspen (Nagel, 1969) were their most frequently used
species of nest tree at two study sites in Northern Minnesota
during the 1960s. It should be noted that a variety of tree
species also have been used as nesting substrate (Bellrose and
Holm, 1994), some of which commonly occur in types of
old forest (i.e., lowland hardwoods, Northern hardwood, oak
≥120 years) that increased in areal extent within Minnesota
during 2003 to 2018 (Peters et al., 2021). Unfortunately, it
is not known which species are selected, avoided, or used
in proportion to availability as nesting substrate in many
geographic areas.

Characteristics of the temporal changes in abundance of
suitable stems in each health-status group provide some insight
regarding how cavity availability varied at each spatial scale
during the analysis period. More specifically, the abundance
of suitable live-health impacted stems was greater than those
of either dead and live-healthy classes during all evaluation
cycles, the former continued to increase at the two largest
spatial scales examined, and the latter two have remained
relatively stable at most spatial scales since the 1990 inventory.
We suggest that the increasing difference in abundance
between suitable live-health impacted and dead stems during
the analysis period is attributable to the former persisting
longer and accumulating over time as forests in Minnesota
increased in age.

Comparison of our abundance and
density estimates with independent
predictions

Our finding that the abundance of suitable cavity stems
in Northern Minnesota increased between 1977 and 2015–
2019 is largely consistent with the prediction that an increase
would occur in the Eastern United States during an overlapping
period (i.e., 1952 to 2020; Soulliere, 1990). Despite not including
the effects of timber harvesting in their simulations of future
conditions, the density of suitable stems that Denton et al.
(2012b) predicted would occur in Northern Minnesota during
2008 and 2018 (from <0.25 to 0.25–0.49 suitable cavity trees
/ ha in different ecoregions and during different years) still
were substantially less than our range of estimates during
overlapping time periods (i.e., 1.21 to 1.63 and 1.41 to 1.90
stems / ha during 2005–2009 and 2015–2019, respectively;
Table 2). Further, our density estimates increased at all spatial

Frontiers in Forests and Global Change 13 frontiersin.org

https://doi.org/10.3389/ffgc.2022.967060
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-05-967060 September 21, 2022 Time: 12:1 # 14

Berdeen et al. 10.3389/ffgc.2022.967060

scales between 2005–2009 and 2015–2019 but increased more
slowly between the 2010–2014 and 2015–2019 cycles whereas
Denton et al. (2012b) predicted the density of suitable stems
would be approximately stable in much of Northern Minnesota
during 2008 and 2018. Interestingly, Soulliere (1990) predicted
that a decline in cavity stems would begin in the Eastern
United States after 2020.

We predominantly attribute differences in density estimates
we generated to the predictions of Denton et al. (2012b) to
two of their approaches. First, tallies of dead stems and the
influence of stem health-status on P occurrence were not
included in the simulation of Denton et al. (2012b). Health
status is an important predictor of P occurrence (Zlonis et al.,
2020) and a substantial proportion of suitable stems in the
forested portion of Minnesota were classified as live-health
impacted and dead (Supplementary Table 2). Second, Denton
et al. (2012b) used some P̂ occurrence values that differed
substantially from corresponding species- and DBH-classes in
our study area. For example, the P̂ occurrence values for DBH
classes ≥30-cm of a common and important cavity species in
North central Minnesota, quaking aspen (i.e., 0.018 to 0.129;
Zlonis et al., 2020), were much greater than the estimate of 0.002
for all DBH classes ≥28 cm of this species in central Wisconsin
(Denton et al., 2012b). Thus, applying this P̂ occurrence value
from central Wisconsin to North central Minnesota likely
contributed to an under-predicted density of suitable stems in
the latter location.

Several other differences between our approach and that
used by Denton et al. (2012b) may have contributed to our
somewhat disparate results, including (1) our use of data from
only FIA plots classified as timberland in analyses, whereas
Denton et al. (2012b) used data from forest land plots; (2)
our use of slightly different values of the minimum and
maximum cavity dimensions and heights to assess suitability
(Zlonis et al., 2020) than did Denton et al. (2012b); (3)
our tallying of stems ≥22.0 cm DBH while Denton et al.
(2012b) included those ≥28.0 cm DBH in their survey; and
(4) Denton et al. (2012b) restricted their analysis to plots
within 0.5 km of wetland types frequented by cavity-nesting
ducks, whereas we had no such restrictions because wood
duck broods have moved substantially greater distances between
nest trees and water (e.g., Ball, 1973; Ryan et al., 1998). Most
of these differences are minor and do not fully explain the
substantial differences in the point estimates of the density of
suitable cavities generated by the two studies. For example,
restricting our analyses to only timberland (i.e., excludes
reserved forest and “other” unproductive lands) excluded only
about 11% of forest land (MDN, unpublished data); there were
relatively small P̂ occurrence values for stems 22.0–28.0 cm
DBH (Zlonis et al., 2020); and a relatively high proportion of
the landscape of Northern Minnesota appeared to be suitable
nesting habitat in close proximity to water (Denton et al., 2012b,
p. 427). Some of the unsuitable nesting habitat in that area

overlapped with the locations of lakes, bogs, and extensive
conifer habitats.

Plausibility of results

Most of the estimates of abundance of stems that have
suitable nesting cavities and associated uncertainty generated
using our quantitative approach were plausible. However, a few
of our results appeared to be anomalous. Below we describe the
two most likely sources of biases that contributed to anomalous
estimates, two protocols that may have contributed to minor
biases, and the direction and extent of any biases when possible.

First, caution should be used when viewing results for spatial
scales and tree species for which sample sizes were limited
(e.g., yellow birch at the study-area scale). Only 4–11 plots
were measured on privately owned timberlands during each
FIA evaluation at the study-area scale because only 10% of
timberland of stand ages in which suitable nesting cavities were
likely to occur (i.e., ≥50 years for aspen and birch, ≥80 years
for other forest types) was in this ownership class. In contrast,
45–55 plots on public ownerships that met this age and forest
criteria were measured during each FIA evaluation at the study
area scale, as were hundreds of FIA plots on older timberland
in both public and private ownership at the two largest spatial
scales during each evaluation. Thus, sample sizes of FIA plots
appeared to be sufficient for analyses for both public and
private timberland at the largest two spatial scales as well as
for public lands at the study area spatial scale. Second, the
estimated abundance of standing dead stems, and ultimately
that of suitable stems, probably was negatively biased during
the 1977 inventory because of the manner in which dead trees
were tallied. Stems of that health-status class had relatively high
P̂ occurrence values for seven tree species (Zlonis et al., 2020).
The inclusion of dead, down stems probably was not completely
offset by the omission of stems dead >3 years in FIA tallies.
The estimated volume of live stems on timberland was positively
biased by about 6% during the 1990 cycle (Miles et al., 2007)
because a model-assisted, two-phase design applied to a subset
of undisturbed plots. Thus, we suspect that the 1990 estimates of
abundance for suitable stems was similarly biased.

Two field protocols of FIA may have contributed to minor
undercounts of stems with suitable cavities. First, only stems
that had <45◦ lean were tallied in FIA. We are not aware of
any documentation of the influence of tree lean on cavity use
by wood ducks. Second, only stems ≥1.37 m in height were
tallied in FIA, but wood ducks may nest in cavities as low as
0.6 m in height (Strom, 1969). Admittedly, most cavities used
by wood ducks have been substantially greater in height than
1.37 m (e.g., Bellrose and Holm, 1994). It is unlikely that the
variables tree species and DBH were sources of bias because both
were classified and measured, respectively, in the same manner
both by the Cavity Survey and FIA. We are not aware of any
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variability in sample or plot designs or measurement protocols
that may have occurred during the 2000–2019 evaluation cycles,
except for the use of two tree damage attributes used during
different portions of this period [see Randolph et al. (2021) for
descriptions of changes in FIA tree damage codes].

Recommendations

Denton et al. (2012a,b) developed valuable procedures
for predicting the location and spatial extent of wood duck
nesting habitat at the landscape and regional spatial scales,
but it may be necessary to alter several of their approaches to
reduce the likelihood of generating underestimates of suitable
stem abundance and density. We recommend three ways to
improve these predictions. First, we suggest the exercise of
caution regarding sample size needs and the spatial scales
to which these data may be extrapolated. For example, we
examined many attributes of >7800 stems over multiple field
seasons in a 254,000-ha study area (Zlonis et al., 2020), but
the 85% CrIs generated using these and FIA data from this
site were somewhat greater than those associated with the two
larger spatial areas examined. It is possible to increase the
precision of abundance estimates by extrapolating P̂ occurrence
values to FIA tallies collected over greater spatial areas, but
biases could have been introduced if pertinent forest attributes
varied substantially over the expanded area [e.g., high spatial
variation of the effects of various tree damages (see Morin
et al., 2016) on cavity formation across the geographic area
of inference]. We recommend that P̂ occurrence values from
local study sites not be extrapolated to a greater spatial extent
than that of the ecological province in which such study
sites occur, at least until further research identifies the spatial
scales to which such estimates can be extrapolated reliably.
Researchers considering increasing their geographic area of
inference should be aware that the sampling regime of FIA
plots may vary among adjoining states (i.e., frequency of plot
visits, number of plots per-unit area; Scott et al., 2005). Second,
researchers considering using FIA data from both the older
periodic (generally prior to 1999) and more contemporary
annual inventories (generally beginning during or after 1999)
in a single analysis should be aware that differences exist
in the sample and plot designs and measurement protocols
of these two types of inventories. Third, future analyses and
simulations should include the influence of stem health-status
and the abundance of dead stems. If P occurrence data are
sparse, it may be preferable to aggregate data within DBH
classes of similar species rather than among DBH classes within
individual species.

Despite the knowledge gained in numerous examinations
of wood duck nesting habitat, there are several information
gaps that should be addressed to improve the understanding
of the nesting ecology of wood ducks and our ability to

monitor the abundance of potential nest sites. It is particularly
important to develop a better understanding of the influence
of temporal and successional changes in forest attributes (e.g.,
abundance of suitable stems, tree-species composition, health
status of stems) on the breeding population of this species.
This includes determining whether wood ducks will select (e.g.,
Aebischer et al., 1993) nest trees of mid- or late successional
tree species during the contemporary period more frequently
than during periods when a younger forest dominated the
landscape or that suitable stems of early successional species
have remained sufficiently common and spatially distributed
to receive frequent use. Similarly, there is need to determine
whether stems of any specific health-status class are selected
for nesting. The time of persistence for stems of each health
class that have suitable cavities (sensu Edworthy et al., 2012)
should be estimated in different ecoregions. There is a need to
better understand how nest-site selection is influenced by the
spatial proximity of suitable brood habitats, as well whether
demographic vital rates (e.g., nest success, hen survival) are
associated with this selection. It has been recommended that
the interaction among survival, recruitment, immigration, and
emigration be examined to better understand how influence
the local populations of wood ducks, particularly in areas in
which the recruitment of females from artificial nest boxes
is insufficient to maintain the population segment that uses
these structures (Hepp et al., 2020; Croft et al., 2022), but
such an investigation should also examine whether these vital
rates are influenced by the proportion of landscape comprised
of suitable nesting habitat (i.e., mature deciduous forest). The
nest webs (Martin et al., 2004) and influence of changes
in tree and cavity characteristics on occupancy by different
wildlife species (Edworthy et al., 2018) in different forest types
of the North Central United States should be investigated.
Researchers should ascertain whether the methodology FIA
has used to tally stems with cavities in California, Oregon,
and Washington is a tractable approach to estimating the
abundance and temporal change of these structures and can be
expanded to other regions. Providing such information could
inform forest management decisions (e.g., identifying the most
appropriate stems to reserve as leave trees in timber harvest
units), improve current monitoring systems, and update existing
wood duck habitat suitability indices (Sousa and Farmer,
1984). Further, our approach can be adapted to model habitat
availability for other species that are associated with cavities
or other forest attributes that can be associated with variables
measured in FIA.
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