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A B S T R A C T   

We examined the importance of local habitat features on forest songbird distributions using a feature-dependent 
group framework that organizes species in relation to variable importance of species-habitat relationships. 
Habitat features included vegetation structure, floristics, and environmental (i.e., topography) classes. We also 
examined evidence for hierarchical habitat selection by assessing feature positioning within the ensemble 
structural models, Random Forests. From the 44 species examined, we distinguished 14 groups, comprising two 
to eight species per group, and examined variation in habitat importance across the groups. Overall, floristic 
species turnover, shrub density, canopy height, and tree basal area were among the most important features. On 
average, however, no specific feature class was more important than the others across the entire collection of 
species. Instead, we interpreted group partitioning to occur primarily by species differentiating among specific 
forest types, such as bottomland riparian or oak-dominated (Quercus spp.) stands, and species responding to 
structural variation across successional gradients. The positioning of habitat features within individual tree 
models showed that for those species among specific forest types, floristics features were selected first in the 
models followed by environmental features. Whereas when vegetation structural features were most important, 
structural features were typically selected first followed by floristics. The large variability in responses likely 
reflects the large heterogeneity in vegetation structure and composition present in our Central Hardwood, USA, 
forest landscape. In such cases, avian community assembly processes incorporated the primary moisture (mesic- 
xeric tree species) and successional (open- to closed-canopy) vegetative gradients of these forestlands, which 
underscores the importance of maintaining vegetation heterogeneity under accelerating environmental change. 
By including diverse suites of habitat types, we demonstrate how these features vary in their importance across 
songbird assemblages in a diverse forestland and identify key habitat features in the conservation of these bird 
communities.   

1. Introduction 

Understanding how local habitat variation contributes to avian 
community assembly processes has remained a common focus of 
investigation in community ecology (Block and Brennan, 1993; Cody, 
1981). This focus is partially motivated by an increasing awareness of 
human-caused impacts to forest ecosystems and the use of bird com-
munities as ecological indicators of forest health and viability (Canter-
bury et al., 2000; Drever et al., 2008; Fraixedas et al., 2020; O’Connell 
et al., 2000). Over the next century, future climate change is expected to 
have an increasing influence on forest ecosystems that support many 
North American bird species (Mac Nally et al., 2009; Matthews et al., 
2011; Northrup et al., 2019; Rodenhouse et al., 2008). The most 

commonly recognized impacts of future climate change include changes 
to tree species distributions and forest productivity in general (Anderegg 
et al., 2012; Iverson et al., 2019b; 2004). These impacts will likely in-
fluence local forest structure and composition, two of the primary de-
terminants of habitat variability among forest birds (Block and Brennan, 
1993). Understanding how local habitat variation contributes to avian 
community assembly processes is thus critical to facilitating develop-
ment of conservation strategies under accelerating environmental 
change. 

Forest vegetation structure and floristics (i.e., diversity and compo-
sition) directly provide or are strong correlates of many factors influ-
encing bird habitat use, including the provisioning of nesting materials, 
shelter, and food resources (Block and Brennan, 1993; Cody, 1981). To 
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promote the maintenance of healthy forest ecosystems, we require 
deeper knowledge of the ways active management influences plant- 
species mix and structural attributes (e.g., canopy, shrub, and ground 
covers) and thus the distribution of bird species. While considered less 
important, terrain features also contribute to the habitat of particular 
species, sometimes independent of vegetation processes along these 
gradients (Kellner et al., 2018; Lichstein et al., 2002a; Newell and 
Rodewald, 2011). Consequently, the conservation of forest bird com-
munities should also incorporate topography and other environmental 
data, regardless of the potential mechanisms shaping these relation-
ships. Better understanding how these various factors influence the 
distributions of bird species can support effective targets for local con-
servation efforts aimed at sustaining habitat variability to support a 
diversity of species. 

Conservation decisions are often made at the species level with 
consideration of impacts that may reverberate throughout the entire 
community (Ferrier, 2002). Thus, the development of single species 
models, particularly species distribution models, have received 
increasing attention (Elith and Leathwick, 2009). In terms of measuring 
the relative importance of habitat features on species distributions, 
ensemble modeling techniques, such as Random Forests, have received 
increasing attention (Breiman, 2001; Matthews et al., 2011; Swatantran 
et al., 2012; Yen et al., 2011). These modeling techniques facilitate the 
identification of important features by assessing the relative change in 
model fit or the frequency of inclusion of specific variables within 
different species models (Behnamian et al., 2017; Selwood et al., 2009; 
Swatantran et al., 2012). Meanwhile, recent advances in high-resolution 
remote sensing technologies, particularly LiDAR, have promoted the 
measurement of vegetation structural characteristics at large spatial 
extents without the limitations of field measurements (Carrasco et al., 
2019; Goetz et al., 2010). In addition, new ways to leverage temporally- 
dense stacks of multispectral images provided by the Landsat series of 
satellites have begun to improve the thematic resolution of forest type 
information, as well as distributions of individual tree and shrub species 
gradients (Adams et al., 2019). In sum, we are now in a better position to 
conduct more rigorous examinations of habitat variability among forest 
bird communities. 

Traditionally the use of the guild concept in ornithological research 
(Bishop and Myers, 2005; Canterbury et al., 2000; Simberloff and 
Dayan, 1991) has aimed to reduce the challenges of identifying gradi-
ents that shape avian assemblage processes and inform multi-species 
conservation. As such, the grouping of species into guilds, according 
to similarities in functional traits, allows for the application of conser-
vation efforts that may be applied more broadly and without considering 
the needs of particular species (Hunter, 2005). Among specific guilds 
supporting partitioning of bird habitat use relative to vegetation struc-
ture and floristics are those based on differences in foraging or feeding 
behaviors that are directly dependent on the distribution of food-plant 
resources (Cueto and De Casenave, 2000). As expected, it is commonly 
observed that species specializing in the consumption of fruits and seeds 
demonstrate strong associations with floristics (Gleditsch and Carlo, 
2011; Schleuning et al., 2011). However, it is commonly observed that 
habitat use of insectivorous species is more complex, incorporating el-
ements of both structure and floristics (Narango et al., 2017; Whelan, 
2001). This complexity is presumably related to the diversity and 
abundance of arthropod prey that vary according to structural and 
floristic diversities of plant species assemblages themselves (Holmes 
et al., 1979). The functional significance of these relationships can vary 
among congeneric species within the same foraging guild (Veen et al., 
2010). These relationships likely explain weak predictions of avian guild 
structure on the basis of food type alone (Degraaf and Chadwick, 1984; 
Yen et al., 2011). In addition, because foraging, nesting, and even 
migratory behaviors often overlap among some bird communities 
(Rodewald and Bakermans, 2006), it is unlikely that other commonly 
established guild designations offer additional insight and may be 
context dependent within specific landscapes or particular species 

assemblages (Holmes, 2000). 
Habitat-based classifications according to species responses to 

vegetation structure may be more effective in improving the prediction 
of species habitat distributions over abstract guild designations (Lee and 
Mackey, 2018). From early in the development of theories surrounding 
habitat selection of birds, much of the variation in species response to 
habitat has been attributed to changes in vegetation structure, despite 
significant covariation between structural and plant species diversities 
(MacArthur and MacArthur, 1961). In interpreting the relative impor-
tance of vegetation characteristics on avian assemblages, it has also been 
observed that support for structure and floristics often varies according 
to geographic- and, subsequently, ecological-scales of investigation 
(Wiens and Rotenberry, 1981). In this regard, vegetation structure has 
traditionally been observed to be most important at broad spatial scales 
and floristics at more local scales (Rotenberry, 1985; Wiens et al., 1987). 
This suggests that neither factor is more important than the other, but 
rather supports the notion of the interaction of multi-scale factors among 
avian community assembly processes (McGarigal and Cushman, 2004; 
Wiens, 1981). These observations are in large agreement with the hi-
erarchical model of habitat selection (Johnson, 1980; Lee and Roten-
berry, 2005). Thus, in accordance with the hierarchical model, 
vegetation structure may operate as a primary cue in selecting among 
habitat differences, whereas floristics may determine subtle variation 
within particular habitat types (Wiens et al., 1987). For example, 
changes in the importance of floristics among riparian forest mosaics 
were attributed to differences in vegetation structure along a structural- 
successional gradient, while the importance of floristics increased with 
increasing stand age and canopy height (Bersier and Meyer, 1994). 
Thus, another key challenge in studying avian habitat relationships is 
the direct identification of such potential processes operating at land-
scape scales. A better understanding of these processes could advance 
habitat selection theory and support the prioritization of management 
efforts in the restoration and management of forest habitats. Hierar-
chical characteristics of ensemble models could also be used to resolve 
these potential mechanisms at landscape scales by examining the dis-
tributions of habitat features among the model structures (Cumming 
et al., 2014; Guisan and Zimmermann, 2000; Ishwaran et al., 2010). 

We develop an approach that we refer to as a feature-dependent 
group framework to address our three study objectives: (1) examine 
the relative importance of habitat features constraining songbird dis-
tributions, (2) identify the underlying drivers of avian assemblage 
composition, and (3) determine whether habitat features are hierar-
chically structured among songbird distributions within heterogeneous 
forested landscapes. To achieve these objectives, our new approach or-
ganizes species in relation to variable importance of species-habitat re-
lationships, allowing the identification of important habitat features 
among specific groups of species and the interpretation of habitat gra-
dients that promote bird species diversity. Our study in southeastern 
Ohio, USA, within the Central Hardwood Forest Region comprising a 
rich avian and vegetation diversity, was an ideal location to examine 
these relationships. 

2. Methods 

2.1. Study area 

We sampled local songbird assemblages across five forested study 
sites in southeastern Ohio, USA (Fig. 1). The study sites were located 
with a ~ 5000 km2 area, among one of the most forested regions in the 
state. Deciduous forest cover dominates the study area, conservatively 
estimated at 65% (Adams and Matthews, 2018). The overstory currently 
exists primarily as second-growth stands harvested in the mid-to-late 
1800′s for fuel in nearby iron furnaces (Stout, 1933). The local terrain 
is characteristic of low relief (<100 m) rolling hills topographies of the 
Southern Unglaciated Allegheny Plateau Ecoregion (Iverson et al., 
2019a). Narrow ridges and valleys provide a diversity of topographic 
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land types supporting several speciose (>75 tree species) forest types. In 
general, mixed-oak (Quercus spp.) stands occupy dry-uplands along 
southwestern hillslopes and ridgetops and transition to mixed- 
mesophytic assemblages occupying opposing mesic northeastern hill-
slopes and bottomlands (Hix and Pearcy, 1997; Iverson et al., 2018). 
Field sampling incorporated diverse environmental, compositional, and 
structural gradients common to the Central Hardwood Forest Region, 
including upland vs. bottomland and closed- vs. open-canopy forests, as 
well as riparian and pine (Pinus spp.) forest types. 

2.2. Songbird data 

Songbird data were collected from 277 fixed radius (75-m; 1.75-ha) 
point count stations in the years 2015 and 2016. Trained observers 
performed 10-min counts from mid-May to early-July on clear mornings 
(half-hour before sunrise to the hour of 10:30 EST). Point count stations 
were distributed according to a generalized random tessellation strati-
fied sampling design (>150 m apart) (Stevens and Olsen, 2004). Each 
station received a total of six counts (three in each year) over the survey 
period in routes in random order with a minimum of two weeks sepa-
rating each visit. We based species response variables on continuous 
“prevalence” values, as the number of positive detections of each species 
over the sampling period (Goetz et al., 2007; Swatantran et al., 2012; 
Yen et al., 2011). Prevalence values ranged from zero (no detection) to 
six (positive detections in each survey). We selected a total of 44 
breeding songbird species including ≥ 4 unique prevalence values for 
analysis, as this presented enough variation in the continuous response 
values to produce stable Random Forests models (Table 1). 

2.3. Habitat data 

Our study concentrated on species associations with local habitat 
features within the primarily forested landscape. Local habitat features 
were derived from 24 geospatial layers developed in previous studies 
and exclusively for the current study. Geospatial layers were developed 
at multiple spatial resolutions (5 – 30 m) based on the native resolution 
of the source information (LiDAR vs. Landsat 8/OLI satellite imagery). 
We classified each feature as either environmental, floristics, or struc-
tural types (Table 2). Specifically, habitat features comprised descriptive 

statistics on the geospatial data within each songbird station, including 
the minimum, maximum, mean, and standard deviation values of 
continuous variables (e.g., canopy height) and the areal coverage 
(proportion) and number of contiguous patches for categorical variables 
(e.g., canopy gaps and forest types). A complete summary of the 92 
habitat features is provided in Table 2 (see Supplemental Fig. S1 for 
information on the relationships between these variables). We detected 
no influence of spatial resolution on the results and all data were 
developed within the same Universal Mercator Zone (UTM 17 N). 

2.3.1. LiDAR data and structural and environmental layers 
Discrete return LiDAR data were provided by the Ohio Geospatial 

Reference Information Program, collected in 2007 (http://ogrip.oit.oh 
io.gov/; accessed 13 October 2014). LiDAR data included two returns 
pulse-1 and had an average spacing and density of 1.27 m and 0.27 
returns m− 2, respectively. At 5-m resolution, we developed standard 
canopy height (CHM) and digital terrain (DTM) models using bilinear 
interpolation. Elevation (ele, 5 m), slope (slo, 5 m), and Beer’s (bee, 5 m) 
transformed aspect (an index ranging 0–2, corresponding to south-
western to northeastern aspects, respectively) were derived from the 
DTM. We summarized vertical canopy height (chm, 5 m) and horizontal 
canopy coverage (can, 5 m) at four height intervals (0–5, 5–10, 10–25, 
>25 m) from the CHM. We also classified canopy gaps (gap, 5 m) using a 
threshold technique discriminating patches of short vegetation 
(maximum vegetation heights < 12 m) within neighborhoods of taller 
vegetation (median vegetation heights > 24 m within 17.5-m radius) 
(Barnes et al., 2016; Gaulton and Malthus, 2010). Finally, we quantified 
four additional vertical distribution layers, including the vertical dis-
tribution ratio (vdr; 15 m) (Goetz et al., 2007), foliage height diversity 
(div; 30 m) (MacArthur and MacArthur, 1961), and the standard devi-
ation (std, 30 m) and range (ran, 30 m) of vegetation height returns. A 
flowlines layer (https://nationalmap.gov/) was transformed into a 
spatial grid and used to summarize the proximity of songbird stations to 
streams and small rivers (stm, 5 m). 

2.3.2. Landsat imagery and floristics and additional structural layers 
We used Landsat 8/OLI images to quantify several floristics and 

additional structural layers. The images were all Level-2 (USGS Landsat 
Science Products) Surface Reflectance data, including the latest 

Fig. 1. Location of the study area in southeastern Ohio, USA, study forests, and 277 sample points used in this study.  
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orthorectification, radiometric calibration, and atmospheric correction 
protocol (LaSRC) (Vermote et al., 2016). Vegetation plot data were used 
to develop layers of woody stem composition, forest type, tree species 
distributions, species richness, diversity, tree basal area (m2 ha− 1), tree 
density (stems ha− 1), and shrub density (stems ha− 1) (Adams et al., 
2020, 2019). Live woody stems (>1 m in height) were sampled ac-
cording to two or three 11.3-m radius circular plots (~400 m2) within 
75 m of each songbird point count station. Large diameter stems (i.e., 
“trees”) (≥8 cm diameter at breast height [DBH]) were recorded within 
each full plot, while small diameter stems (i.e., small trees and shrubs) 
(<8 cm DBH) were recorded within nested subplots (~100-m2). A total 
of 699 vegetation plots were utilized, comprising 99 woody plant taxa. 
Finally, we collected data on the distribution of seven forest types, 
providing an additional 1,911 samples for geospatial layer development. 

A set of layers were initially derived from a collection of seasonal, 
multi-date images (12-April-2017, 10-June-2015, 24-September-2013, 
5-February-2016) among Path 19/Row 33. Vegetation plot data were 
ordinated by nonmetric multidimensional scaling (NMDS) to quantify 
gradients in woody plant species composition. A total of three floristic 
gradients, representing aspect- (nm1, 30 m), forest succession- (nm2, 30 
m), and elevation-response variation (nm3, 30 m) within the vegetation 
data, were modeled with the seasonal imagery, including terrain vari-
ables (Adams et al., 2019). From the floristic gradients, we also 

Table 1 
The 44 songbird species used in analysis, ordered alphabetically, and including 
scientific names, alpha codes, and R2 model results.  

Code Common Name Scientific Name R2 

ACFL Acadian Flycatcher Empidonax virescens  0.51 
AMCR American Crow Corvus brachyrhynchos  0.10 
AMGO American Goldfinch Spinus tristis  0.14 
AMRE American Redstart Setophaga ruticilla  0.30 
AMRO American Robin Turdus migratorius  0.05 
BAOR Baltimore Oriole Icterus galbula  0.08 
BAWW Black-and-white Warbler Mniotilta varia  0.25 
BGGN Blue-gray Gnatcatcher Polioptila caerulea  0.11 
BHCO Brown-headed Cowbird Molothrus ater  0.03 
BTNW Black-throated Green Warbler Setophaga virens  0.07 
BWWA Blue-winged Warbler Vermivora cyanoptera  0.51 
CACH Carolina Chickadee Poecile carolinensis  0.10 
CARW Carolina Wren Thryothorus ludovicianus  0.18 
CERW Cerulean Warbler Setophaga cerulea  0.14 
COYE Common Yellowthroat Geothlypis trichas  0.51 
EAPH Eastern Phoebe Sayornis phoebe  0.05 
EATO Eastern Towhee Pipilo erythrophthalmus  0.41 
EAWP Eastern Wood-Pewee Contopus virens  0.27 
FISP Field Sparrow Spizella pusilla  0.41 
GRCA Gray Catbird Dumetella carolinensis  0.06 
HOWA Hooded Warbler Setophaga citrina  0.23 
INBU Indigo Bunting Passerina cyanea  0.58 
KEWA Kentucky Warbler Geothlypis formosa  0.10 
LOWA Louisiana Waterthrush Parkesia motacilla  0.29 
MODO Mourning Dove Zenaida macroura  0.08 
NOCA Northern Cardinal Cardinalis cardinalis  0.27 
OVEN Ovenbird Seiurus aurocapilla  0.41 
PIWA Pine Warbler Setophaga pinus  0.43 
PRAW Prairie Warbler Setophaga discolor  0.69 
RBWO Red-bellied Woodpecker Melanerpes carolinus  0.08 
REVI Red-eyed Vireo Vireo olivaceus  0.30 
RWBL Red-winged Blackbird Agelaius phoeniceus  0.05 
SCTA Scarlet Tanager Piranga olivacea  0.20 
SOSP Song Sparrow Melospiza melodia  0.15 
SUTA Summer Tanager Piranga rubra  0.01 
TUTI Tufted Titmouse Baeolophus bicolor  0.04 
WBNU White-breasted Nuthatch Sitta carolinensis  0.10 
WEVI White-eyed Vireo Vireo griseus  0.42 
WEWA Worm-eating Warbler Helmitheros vermivorum  0.30 
WOTH Wood Thrush Hylocichla mustelina  0.31 
YBCH Yellow-breasted Chat Icteria virens  0.64 
YBCU Yellow-billed Cuckoo Coccyzus americanus  0.02 
YTVI Yellow-throated Vireo Vireo flavifrons  0.05 
YTWA Yellow-throated Warbler Setophaga dominica  0.21  

Table 2 
Habitat features derived from 24 geospatial layers characterizing songbird 
habitat. Vegetation structural features were produced from LiDAR data by 
converting the heights of vegetation returns into measures of vertical and hor-
izontal vegetation structure, while floristics features included classified imagery 
and spectral indices produced from Landsat multispectral imagery.  

Habitat feature (description) - 
metric 

n Class Source Resolution 

ele (elevation) - mean; standard 
deviation 

2 Environmental LiDAR 5 m 

slo (slope [◦]) - mean; standard 
deviation 

2 Environmental LiDAR 5 m 

bee (Beer’s transformed aspect) 
- mean; standard deviation 

2 Environmental LiDAR 5 m 

stm (distance to stream/river 
flowline) - mean; standard 
deviation 

2 Environmental Hydro. 5 m 

evi (enhanced vegetation index) 
- min; max; mean; standard 
deviation 

4 Floristics Landsat 
8 

30 m 

dif (difference enhanced 
vegetation index) - min; max; 
mean; standard deviation 

4 Floristics Landsat 
8 

30 m 

nmi (normalized moisture 
index) - min; max; mean; 
standard deviation 

4 Floristics Landsat 
8 

30 m 

nm1 (ordination axis 1 of plant 
composition) - mean; 
standard deviation 

2 Floristics Landsat 
8 

30 m 

nm2 (ordination axis 2 of plant 
composition) - mean; 
standard deviation 

2 Floristics Landsat 
8 

30 m 

nm3 (ordination axis 3 of plant 
composition) - mean; 
standard deviation 

2 Floristics Landsat 
8 

30 m 

wpr (woody plant richness) - 
mean; standard deviation 

2 Floristics Landsat 
8 

30 m 

wpd (woody plant diversity) - 
mean; standard deviation 

2 Floristics Landsat 
8 

30 m 

Coverage of 15 tree species - 
proportion 

15 Floristics Landsat 
8 

30 m 

Coverage and patch count of 7 
forest types - proportion; 
count 

14 Floristics Landsat 
8 

30 m 

chm (canopy height model) - 
max; mean; standard 
deviation; skewness; kurtosis 

5 Structural LiDAR 5 m 

can (canopy cover height 
intervals) - proportion 

4 Structural LiDAR 5 m 

gap (canopy gaps) - proportion; 
count 

2 Structural LiDAR 5 m 

vdr (vertical distribution ratio) - 
min; max; mean; standard 
deviation 

4 Structural LiDAR 15 m 

div (foliage height diversity) - 
min; max; mean; standard 
deviation 

4 Structural LiDAR 30 m 

std (standard deviation of 
vegetation height returns) - 
min; max; mean; standard 
deviation 

4 Structural LiDAR 30 m 

ran (range of vegetation height 
returns) - min; max; mean; 
standard deviation 

4 Structural LiDAR 30 m 

tba (tree [≥8 cm DBH] basal 
area [m2/ha]) - mean; 
standard deviation 

2 Structural Landsat 
8 

30 m 

tde (tree [≥8 cm DBH] density 
[No./ha]) - mean; standard 
deviation 

2 Structural Landsat 
8 

30 m 

sde (shrub [<8 cm DBH] density 
[No./ha]) - mean; standard 
deviation 

2 Structural Landsat 
8 

30 m  
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extracted areal coverages (i.e., proportions) of 15 tree species within 
each songbird station (Guisan et al., 1999). In addition, using similar 
techniques, we developed layers on total stem density (stems ha− 1) of 
trees (tde, 30 m) and shrubs (sde, 30 m), as well as total basal area (m2 

ha− 1) of trees (tba, 30 m), and total plant richness (wpr, 30 m) and di-
versity (Shannon’s Index, wpd, 30 m). Additional floristics features were 
derived from two common spectral indices, the enhanced vegetation 
index (evi, 30 m) and normalized moisture index (nmi, 30 m). The 
enhanced vegetation index was computed on leaf-on and leaf-off im-
agery and subtracted to provide a ratio of deciduous to evergreen tree 
cover (dif, 30 m). Finally, seven forest types were mapped according to 
time series modeling of the Landsat 8/OLI archive, inclusive of dates 5 
April 2013 to 27 April 2019 (Adams et al., 2020). The areal coverage and 
patch count of each forest type were summarized within 75 m of each 
songbird point count station. 

2.4. Ensemble structural modeling 

Songbird habitat relationships were evaluated using Random Forests 
(RF) (Breiman, 2001) within the R statistical environment (https://cran. 
r-project.org/). RF models were grown to a maximum of 1001 trees 
each. Model accuracy was supported by internal RF procedures, using 
the pseudo coefficient of determination (R2), as out-of-bag (OOB) test 
results were comparable to separate hold-out procedures, permitting the 
entire data set for use in model development. We used the default set-
tings for splitting rules at each node (1/3 of possible variables) and set 
the maximum terminal node size to 10 samples to reduce overfitting 
potential (Iverson et al., 2019b). We set a common seed to require all 
species models to be evaluated under the same combinations of data and 
randomization set. 

2.5. Feature importance 

Feature importance values were derived from the “permutation of 
importance” approach within RF (Breiman, 2001). This is a common 
approach for extracting relative importance of predictors by evaluating 
the difference in model score, specifically mean squared error, on OOB 
sub-samples after randomly reshuffling the feature space. Features 
deemed “important” include large increases in model error in compar-
ison to their actual values. Importance scores can also be negative if the 
permuted data support better predictions than the original data. The 
original importance values were scaled to percentages for cross-species 
comparison (Yen et al., 2011). In addition, we report the frequency of 
occurrence of the top-10 features of each species across all models 
(Swatantran et al., 2012). 

2.6. Feature-dependent groups 

Feature-dependent groups were developed according to Ward’s 
minimum variance agglomerative cluster analysis (minimizing within- 
group sums of squares). We used chord distances (Euclidean distance 
computed on row vectors normalized to length 1) calculated on the 44 
species × 92 scaled feature importance matrix. We plotted the square 
roots of fusion heights on the dendrogram to enhance visualization of 
the cluster results. To quantitatively establish groups in the cluster re-
sults, we computed correlations at each level and selected the number of 
groups maximally correlated with the original distances in Euclidean 
space. A Varimax rotated factor analysis was also included to assist 
interpretation of the group structure. We listed factor loadings ≥ 0.45, as 
lower values tend to contribute little to the variance in each factor. 
Functions provided by the vegan and psych packages were used in the 
multivariate analyses (Oksanen et al., 2018). Feature importance values 
among each group (and across all species) were evaluated according to a 
weighted average of scaled (i.e., percentages) importance values using 
the R2 model scores as weights (Yen et al., 2011). As such, features 
including large variable importance and predictive capacity (i.e., R2) 

were considered potentially important determinants of species 
prevalence. 

2.7. Feature positions 

We examined whether habitat features were distributed within 
different sections of the RF regression tree models. A total of five tree 
sections were considered: root (root node), branches (two daughter 
nodes of the root), lower canopy (lower 50% of nodes, excluding the root 
and root daughters), upper canopy (upper 50% of nodes, excluding the 
terminal nodes), and leaves (terminal nodes defining the final splitting 
criteria). Tree sections were based on tree depth and that the distribu-
tion of minimal depth is relevant to feature predictiveness and in-
teractions with preceding feature splits (Ishwaran et al., 2010). We 
calculated the expected (i.e., random selection according to the total 
number of nodes in each tree section) versus observed frequencies of 
habitat features occurring within each tree section across all species in 
each feature-dependent group. Hierarchies were evaluated by calcu-
lating the ratio (observed:expected) to which each variable appeared in 
each tree section, and we compared these ratios against the probability 
(i.e., proportion of times) that each feature class matched the expected 
ratio (i.e., P = 1). Consequently, habitat features displaying larger se-
lection frequencies than expected would display ratio values P > 1, 
relative to those under-selected within a specific tree section, P < 1. As a 
note, though RF randomly selects smaller subsets of habitat features (1/ 
3 of the total) to be evaluated at each node, the effect of selecting un-
important variables is minimized in a large forest of trees (Ishwaran 
et al., 2010). By the nature of evaluating the frequency of occurrence of 
variables, we are likely minimizing feature importance given that highly 
correlated variables may occur in similar splitting positions, but again 
comparing across a large forest supports adequate randomization and 
sample sizes of all combinations, producing a conservative metric on 
feature importance by tree position. 

3. Results 

3.1. Model performance 

Models performed well in internal OOB tests, resulting in a median 
R2 of 0.19 and a cumulative R2 of 0.65 considering all models as an 
ensemble (Table 1, Fig. 2). Example models demonstrate variation in the 
habitats of four species across the study area. Two species, Ovenbird 
(OVEN; Seiurus aurocapilla) and Prairie Warbler (PRAW; Setophaga 
discolor), displayed large variable importance values among structural 
features, including high selection ratios of these features among the root 
node, but discriminating among different growth stages (the former 
reaches peak prevalence in mature forests, while the latter in younger 
forests) (Fig. 3). In contrast, two additional species, Common Yellow-
throat (COYE; Geothlypis trichas) and Eastern Wood − Pewee (EAWP; 
Contopus virens), displayed large importance values among floristics 
features, including high selection ratios of these features among the root 
nodes (Fig. 4). However, these species were associated with different 
forest types (the former reaches peak prevalence in the Bottomland 
Hydric forest type, while the latter in the Dry-Oak forest type). 

3.2. Overall feature importance 

We detected marked variation in feature importance values among 
individual songbird species (Supplemental Table S1). Overall, the sec-
ond floristic gradient (nm2_mea) exhibited the highest weighted average 
importance value and was selected most frequently among the top 
variables in each model (21 models) (Fig. 5). Other frequently selected 
variables included mean shrub density (sde_mea; 17 models), the first 
floristic gradient (nm1_mea; 16 models), mean canopy height (chm_mea; 
15 models), and mean tree basal area (tba_mea; 15 models). As expected, 
there were no discernible differences in feature class importance across 
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all species combined (Supplemental Fig. S2). 

3.3. Feature-dependent groups 

Our cluster analysis identified 14 feature-dependent groups, con-
sisting of two to eight species per group (Fig. 6a). We extracted three 
principal components, accounting for 34% of the total variance in the 
species importance matrix (Fig. 6b). The largest gradient, spanning 
across all 14 groups generally reflected a transition in the relative 
importance of environmental and floristics classes on one end of the 
gradient (Groups 1–6) to structural features on the other end (Groups 
7–14). This pattern is displayed as an ordered heatmap diagram ac-
cording to average importance values by feature type (Fig. 7; Supple-
mental Fig. S3 provides the importance values for each specific habitat 
feature). Here, eight of the 10 structural types include large importance 
values towards the lower end of the diagram within Groups 7–14, 
comprising the second cluster of groups and 26 songbird species. The 
remaining assortment of feature types among the environmental and 
floristics classes, in contrast, displayed large importance values within 
the first cluster, comprising 18 species among Groups 1–6. 

Factor I displayed high positive loadings of several mesic- and 
bottomland-associated tree species, suggesting that much of this 
gradient is attributed to species’ associations with floodplain and ri-
parian forests relative to upland forest types, incorporating corre-
sponding factors, such as elevation, that synthesize this gradient 
(Table 3). For example, Group-1 included riparian species, Common 
Yellowthroat and Louisiana Waterthrush (LOWA; Parkesia motacilla) and 
displayed large weighted average importance values with the areal 
coverage of the Bottomland Hydric forest type (bhy_sar) (Fig. 8). 
Conversely, Group-14 included species such as Prairie Warbler and 
Ovenbird, which occur in upland forest types with different responses to 
structural variation among young and more mature growth phases. 
Because the feature-dependent group approach is based on relative 
importance profiles and not the direction of response (e.g., positive vs. 
negative response to increasing canopy height), it is possible to identify 
species among different structural configurations, for example, within 

the same group if structural variation is a key determinant of species 
occurrence among the group. Specific habitat features with large 
importance values among this group include mean tree basal area 
(tba_mea), mean shrub density (sde_mea), and the mean standard devi-
ation of vegetation height returns (std_mea). Group-2, including Hooded 
Warbler (HOWA; Setophaga citrina), interestingly, displayed high 
importance rankings of elevation (specifically, ele_mea), suggesting that 
this habitat feature best synthesized upland forest conditions rather than 
any specific forest type. 

Factor II displayed loadings considered important in separating 
species influenced by forest structure and successional state. Among 
Groups 7–14, displaying high structural importance values, was the 
presence of several features corresponding to structural diversity (i.e., 
gap and div feature types) and tall forest canopies. For example, Group- 
13 included the Cerulean Warbler (CERW; Setophaga cerulea) and dis-
played a high importance value of the tallest horizontal canopy coverage 
(can_hig). In addition, Group-7 included canopy gaps (both in total area 
and number of gaps) as top-ranked features. Also, features related to 
mean shrub (sde_mea) and tree density (tde_mea) were important in 
several of these groups (e.g., Groups-8, − 9, − 11, − 13, and − 14). 

Finally, Factor III was largely influenced by floristics features, 
including high positive loadings of the EVI difference image (dif), 
discerning species influenced by deciduous versus coniferous tree as-
sociations. This difference was most notable in differentiating Group-6 
from Groups 1–5 in the first cluster , which also included varying 
importance of environmental and floristics feature types. However, 
floristics classes among Groups 1–5 largely reflected the importance of 
moisture variation in the NMI image (nmi), while Group 6 included two 
species, Pine (PIWA; Setophaga pinus) and Yellow-throated Warblers 
(YTWA; Setophaga dominica), with high feature importance rankings 
among the EVI features, consistent with these species’ relationships with 
coniferous tree species detectable through spectral indices. 

3.4. Tree sections 

Selection ratios (P) deviated from expected (i.e., P ∕= 1) most 

Fig. 2. Variation in model performance according to internal Random Forests assessments across 44 songbird species (a) and predicted versus observed prevalence as 
an ensemble across all species (R2 = 0.65) (b). 

B.T. Adams and S.N. Matthews                                                                                                                                                                                                             



Ecological Indicators 136 (2022) 108717

7

prominently at the root, branches, and lower canopy tree sections. 
Specific feature types displaying large relative occurrences within the 
root tree section included features based on the second floristic gradient 
(nm2, P = 2.73), first floristic gradient (nm1, P = 1.85), tree basal area 
(tba, P = 1.85), tree density (tba, P = 1.72), and the standard deviation of 
vegetation height returns (std, P = 1.48) (Fig. 9). These feature types 
were generally consistent with importance rankings also observed across 
all species (Fig. 5). The branches tree section, representing the root 
daughters, also included the second (P = 1.56) and first floristic 

gradients (P = 1.49), tree (P = 1.30) and shrub density (P = 1.40), as 
well as elevation (ele, P = 1.37). Environmental feature types, elevation 
(P = 1.11), slope (slo, P = 1.09), transformed aspect (bee, P = 1.09), and 
stream distance (stm, P = 1.14), as well as the third floristic gradient 
(nm3, P = 1.14), associated with topographic variation in woody plant 
assemblages, tended to display high selection ratios within the lower 
branches tree section. The upper branches tree section displayed high 
selection ratios for the coverage of individual tree species (P = 1.12) and 
the coverage and number of patches of the seven forest types (P = 1.12). 

Fig. 3. Contrasting distributions of the habitats of two species (i.e., prevalence) predicted for a portion of the study area, (a) OVEN and (b) PRAW, including selection 
ratios of feature classes within five decision tree model sections. Both species are strongly associated with structural features, including larger than expected selection 
of structural features at the root node, but segregate according to mature (OVEN) versus young (PRAW) forests. 
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Also, several feature types that displayed high selection frequencies in 
the preceding sections tended to be under selected within the upper 
branches tree section. Finally, little discernible pattern emerged within 
the leaves section (i.e., terminal nodes) as all feature types varied little 
from expected within this section (P ≈ 1). 

Variation emerged among the groups in the distribution of habitat 
features stratified by class (Fig. 10; also see Supplemental Fig. S4 for 
variable positions among individual species). Among the first cluster, 

Groups 1–6, floristics features almost exclusively dominated the root 
tree section (n = 4 groups), followed primarily by environmental classes 
among the branches and lower canopy tree sections. Only one of these 
groups (Group-3) included feature class positions resembling relative 
importance value rankings (Figs. 7, 8). For example, whereas environ-
mental habitat features, particularly mean elevation (ele_mea), displayed 
the greatest importance values among Group-1, they were generally 
selected within the branches tree section (P = 1.30), after the root splits 

Fig. 4. Contrasting distributions of the habitats of two species (i.e., prevalence) predicted for a portion of the study area, (a) COYE and (b) EAWP, including selection 
ratios of feature classes within five decision tree model sections. Both species are strongly associated with floristic features, including larger than expected selection of 
floristics features at the root node, but segregate according to different forest types: COYE is associated with Bottomland Hydric forests while EAWP is associated with 
Dry-Oak forests. 
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being dominated by floristics features (P = 1.40), particularly the 
amount of the Bottomland Hydric forest type (bhy_sar). Interestingly, 
Group-5, which included large relative importance of structural and 
floristics features, displayed high selection ratios of floristics features 
dominating the root (P = 1.35) and branches (P = 1.03) tree sections. 

The eight groups within the second cluster (Groups 7–14) were 
almost exclusively dominated by structural features within the root tree 
section, followed by a mix of floristics, structural, and environmental 
features within the branches and lower tree sections. Two groups 
(Groups-12 and − 13) included both large relative importance values 
and high selection ratios among structural and floristics or environ-
mental features within the root and branches tree sections, respectively. 

The remaining five groups within this cluster generally reflected a 
substitution in the most important feature class, according to relative 
importance values, with structural features dominating the root tree 
section. Overall, quantitative rankings of relative importance values 
revealed four groups displaying large importance values among envi-
ronmental, two groups among floristics, and eight groups among 
structural features. Whereas two groups displayed high selection fre-
quencies of environmental, five groups among floristics, and seven 
groups among structural features within the root tree section. 

Fig. 5. Weighted variable importance (a) and frequency of variable selection (b) among the top variables of each species.  

Fig. 6. Dendrogram of cluster analysis results, including 14 feature-dependent groups (a), and projection of species along three principal component axes (b). See 
Table 1 for species codes. 
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4. Discussion 

4.1. Structure and floristics primarily influence songbird habitat 

We found structural and floristics features were both important in 
predicting songbird distributions overall. The density and basal area of 
trees and shrubs, as well as canopy height, were strongly supported 
structural features according to selection frequencies and mean impor-
tance values. Importance of these features were on average greater than 
the more complex vertical structural metrics, including MacArthur’s 
FHD. However, vertical structural elements were influential to several 
species typically associated with sparse or stratified forest canopies (e.g., 
Summer Tanager, Baltimore Oriole, Indigo Bunting, and Cerulean 
Warbler) (Bakermans and Rodewald, 2009; Barg et al., 2006; Barnes 
et al., 2016). This suggests that these metrics likely helped to discrimi-
nate habitat among select species rather than the entire community. 

Limited support for more complex vertical structural metrics in this 
study and others is seemingly at odds with the ecological premise that 
the diversity and abundance of forest songbirds is primarily influenced 
by the diversification of vegetation structure among various canopy 
strata (MacArthur and MacArthur, 1961). In such cases, it has been 
suggested that simple metrics on canopy height possibly integrate a 
greater range of structural information across complex vertical profiles 
(Hagar et al., 2020; Jakubowski et al., 2013; Kellner et al., 2018; Roussel 
et al., 2017). Likewise, the incorporation of large structural gradients, 
similar to MacArthur and MacArthur (1961), may also influence the 
importance of particular features. This is logically apparent (and 
quantifiably demonstrated) through the number of early-successional 
songbird species (notably among Group-14) that displayed relatively 
large support for tree basal area and density, which could have the effect 
of diminishing the importance of other structural features across the 
community. Nevertheless, in the absence of high-resolution data (often 

Fig. 7. Variation in average feature type importance among the 44 songbird species of the 14 feature-dependent groups.  
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provided by LiDAR), simple metrics of mean canopy height should 
continue to support strong predictions of species occurrence across large 
suites of forest songbird species (Hinsley et al., 2009; Kellner et al., 
2018; Seavy and Alexander, 2011). 

We also found simple metrics of woody plant density and basal area 
to be among the most supported structural features. These are common 
variables utilized in field-based avian habitat studies (Kellner et al., 
2018; Lichstein et al., 2002b; Yen et al., 2011), but are less common 
among remote sensing applications, which often focus on the develop-
ment of novel vegetation metrics through LiDAR (Carrasco et al., 2019). 
However, simple metrics like shrub density are often cited as important, 
yet overlooked, aspects of forest songbird habitat (Buchanan et al., 
2016; Yen et al., 2011). Many species, such as the Hooded Warbler, 
demonstrate strong preferences for dense understory vegetation (Fox 
et al., 2010), which explains one potential aspect for the importance of 
shrub density in this study. In addition, there are likely practical con-
siderations in support of woody plant density and basal area as these 
metrics are possibly more accessible to natural resource managers over 
abstract LiDAR-derived measurements (Hewson et al., 2011). Although 
not a formal objective of this study, it is also worth noting that a large 
portion of the geospatial layers, including many of the top predictors 
used in this study, were enhanced by certain aspects afforded to the 
Landsat program, including free-and-open access to data and repeat 
observations over long time periods (Wulder et al., 2012). Thus, these 
results give promise to continued efforts among the remote sensing 
community in developing and improving models of basic forest pa-
rameters, particularly with Landsat data (Chrysafis et al., 2017). 

Woody plant species gradients, nms1 and nms2, were among the most 
supported floristics features, being selected among 16 and 21 species 
models, respectively, as well as two of the most frequently selected 

features overall. Together, these features synthesize gradients (~64.7% 
of the total compositional variation across the study area) in xeric-to- 
mesic vegetation assemblages (nms1) and forest succession (nms2) 
(Adams et al., 2019), two of the primary plant taxonomic gradients 
typical among Central Hardwood forests (Fralish, 2003). The most 
parsimonious explanation for support among the first gradient likely 
reflects known differences in species responses to oak- vs. maple- 
dominated (and other mesic tree species) stand compositions in the re-
gion (Rodewald and Abrams, 2002). Oaks are foundational tree species 
in eastern deciduous forests and are known to support abundant and 
speciose songbird communities through acorn production and as hosts of 
diverse and abundant lepidopteran communities (McShea et al., 2007; 
Tallamy and Shropshire, 2009). This feature also likely helped 
discriminate habitat among mesic songbird species towards the other 
end of the gradient, where the first cluster of species comprised song-
birds in regional floodplain forests that display strong preferences for 
certain tree species for foraging (Gabbe et al., 2002). Taken together, the 
synthesis of vegetation turnover along a moisture gradient appears to 
have a strong basis for predicting songbird distributions in the region. 

On the other hand, importance of the second floristic gradient cor-
responded to species responses to forest succession, synthesizing 
changes in plant species diversity, competition, and understory vege-
tation density, of aging stands along varying topographic exposures. 
Habitat suitability of forest songbirds is very often determined by 
changes in vegetation components that occur over time. Shifts in song-
bird communities are typically described relative to when regenerating 
forests develop closed canopies, triggering shifts in early- to late- 
successional species assemblages (Askins, 2001). However, more 
nuanced changes in assemblage composition can also occur among 
developed, older stands. In fact, the most parsimonious explanation for 
long-term changes in local songbird populations was attributed to 
vegetation processes stemming from progressive shifts in understory 
vegetation density that resulted in an open understory dominated by a 
select few tree species (Buchanan et al., 2016). Many studies have also 
demonstrated the importance of young forests to mature forest songbird 
species as well (Stoleson, 2013). In many cases, it has been observed that 
post-breeding shifts in habitat often occur towards dense early- 
successional stands late in the breeding season, presumably related to 
demand for shelter during the molting cycle and increases in food re-
sources in fruiting vegetation (Vitz and Rodewald, 2006). While our 
samples were collected earlier in the breeding season and before these 
potential habitat shifts occur, these observations emphasize the impor-
tance of successional mosaics of diverse stand ages for the maintenance 
of diverse forest bird communities at landscape scales (Hanberry and 
Thompson, 2019). 

Successional processes also highlight one aspect of the often- 
confounding nature of vegetation structure and floristics (Bersier and 
Meyer, 1994; Rotenberry and Wiens, 2009; ter Braak and Schaffers, 
2004). Simply put, changes in structure and composition of the vege-
tation are often correlated along successional pathways and among 
different forest types. Thus, a key challenge has been the difficult 
problem of disentangling the relative contributions of vegetation 
structure and floristics. In many cases, the relative overlap between 
components is often as great or greater than their individual contribu-
tions (Bersier and Meyer, 1994; Rotenberry, 1985), whereas in other 
cases they can be quite low (Jayapal et al., 2009). The degree of overlap 
is likely attributed to the compositional diversity of the vegetation, 
particularly if plant species vary according to growth form, and whether 
species turnover occurs relative to successional processes. Nonetheless, 
these relationships represent a fundamental challenge and we consider 
our use of individual species models important to the detection of key 
habitat features and emergent responses to these processes (Hewson 
et al., 2011; Kellner et al., 2018; Seavy and Alexander, 2011). 

The Bottomland Hydric forest type and woody plant species diversity 
were also important floristic features in this study, particularly among 
the first cluster of species. Despite significant observations that many 

Table 3 
The most heavily weighted characters among the factor analysis of group 
structure of the songbird community.   

Factors  

I II III 

Eigenvalue  10.90  6.57  5.31 
Factor contribution %  16.26  9.81  7.93 
Cumulative %  16.30  26.10  34.00 
acernum  − 0.48  0.50  
acerrub   0.46  
aescfla  0.62   
asimtri  0.50   
bee_mea  0.49   
bhy_sar   0.56  
can_hig  0.52   
can_int  0.50   
chm_std  0.54   
dif_std    0.56 
div_max  0.51   
div_mea  0.57   
ele_mea   0.47  
evi_max    0.47 
evi_mea    0.49 
evi_min    0.49 
liritul   0.54  
nm1_mea   0.56  
nm2_mea   − 0.48  
nm3_mea   0.54  
oxydarb   0.50  
pinurig   0.50  
platocc   0.48  
ran_max  0.55   
slo_std   0.46  
std_max  0.50   0.46 
std_mea   − 0.51  
std_std  0.57   
tiliame  0.45  0.48  
vdr_max  0.56   
wpd_std    0.52  
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songbird species select among different tree species for foraging (Gabbe 
et al., 2002; Hartung and Brawn, 2005; Holmes and Robinson, 1981), 
support for individual tree species overall was generally lower than 
support for other floristics features. However, at the individual species 
level, there were particular tree species that predicted the occurrence of 
some songbird species. For example, the Kentucky Warbler (Geothlypis 
formosa) included large importance values for three mesic tree species 
(Supplemental Fig. S3). It is possible that species responded more to the 
entire assemblage composition of the vegetation rather than individual 
species themselves. Support for the first floristic gradient indeed sug-
gests that differences in assemblage composition relative to oak- vs. 
mesic-dominated stands was a key source of habitat variability in this 
study. There may also be differences in scales of response between the 
remotely-sensed predictors and the potential selection of individual tree 
species occurring on the ground. Indeed, identification of tree species 
preferences often requires detailed field observation beyond the scope of 
this study. Nonetheless, these observations suggest there are great op-
portunities in bridging potential gaps in understanding functional re-
lationships between songbird and plant communities among remote 
sensing applications. 

4.2. Environment also influences songbird habitat 

Environmental features were less supported than structure and flo-
ristics features overall. However, environmental data helped describe 
the distributions of several songbird species. Elevation, stream distance, 
and slope were among the most supported environmental features. 
These relationships were expected for several species, such as the Black- 
and-white Warbler (Mniotilta varia) and Worm-eating Warbler, which 
are known to utilize steep slopes for nesting (Ruhl et al., 2018). Eleva-
tion variation in the study area closely corresponds to moisture avail-
ability between contrasting xeric ridgetops and mesic bottomlands, as a 
single elevation value typically reflects a similar topographic position 
across the dissected landscape (Iverson et al., 1997). Thus, strong re-
lationships between songbird distributions and elevation likely incor-
porated species responses to local relief. For example, the Cerulean 
Warbler has been known to display varying relationships with valleys 
and ridgetops across its range (Barnes et al., 2016; Newell and Rode-
wald, 2011), which could explain the large relative importance of mean 
elevation in this study. Regardless of possible mechanisms, potential 
differences in topographic distributions of songbird species nonetheless 
have important implications to land management and should be 
considered in conservation practices and future research in general 

Fig. 8. A treemap diagram displaying weighted average feature class importance values (including the top three features among each class) among the 14 feature- 
dependent groups. The treemap preserves the hierarchical cluster grouping scheme according to the widths of lines separating each group. The top three predictors 
are displayed for each feature class. 
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(Kellner et al., 2018; Thomson et al., 2009; 2007). 

4.3. Underlying drivers of songbird communities 

Our feature-dependent group approach detected variability in 
response to both structure and floristics and both factors were equally 
important sources of habitat heterogeneity at landscape scales. Specif-
ically, although 14 total groups were quantitatively supported, two 
primary clusters of species with contrasting relationships among the 
three categories of structural, floristics, and environmental features 
emerged. The first cluster of 18 species were largely grouped according 
to similarities in importance of floristics and environmental features, 
whereas the second cluster of 26 species were grouped according to 
structural features. Furthermore, quantitative distributions of habitat 
features among the regression tree models affirmed that most species 
distributions among the first cluster were determined primarily on the 
basis of floristics followed by environmental features, while habitat 
among the second cluster was initiated primarily on the basis of vege-
tation structure then floristics. 

The spatial turnover of vegetation often differs from that of songbird 
assemblages in several ways and these differences tend to vary according 
to spatial scale (Wiens and Rotenberry, 1981). Observations in support 
of structure at large regional scales, incorporating differences in the 

structural configuration of coarse habitat types, and floristics within 
those gross structural configurations has formed a strong basis for un-
derstanding how vegetation may influence the structure and composi-
tion of avian assemblages (Rotenberry, 1985). However, there are often 
exceptions to the rules, in which floristics have been shown to be 
important at large scales, including the entire eastern deciduous forest 
biome (Lee and Rotenberry, 2005), and structure at finer scales (Melin 
et al., 2018). Thus, to understand why vegetation structure can outrank 
floristics for some species and vice versa for others, even within the same 
forest landscape, it is critically important to examine the ways in which 
vegetation heterogeneity is mediated across ecological scales. In such 
cases, the relative importance and hierarchical nature of vegetation 
factors is likely to be an expression of the overall strengths of their 
observed gradients. For example, in systems where vegetation hetero-
geneity is mediated primarily by vegetation structure, the avian com-
munity might be expected to also be mediated by changes in structure 
(Bersier and Meyer, 1994; Jayapal et al., 2009; Mac Nally, 1990). In 
Central Hardwood forests, vegetation heterogeneity is often mediated 
by relatively rapid rates of spatial change in both vegetation structure 
and floristics (Adams et al., 2019), including a legacy of frequent fire 
that likely promoted this diversity (McEwan et al., 2007). That is to say 
that these forestlands are neither numerically-dominated by either fac-
tor, and parallel, yet overlapping, structural and floristic forcing may be 

Fig. 9. Selection ratios of habitat features within five tree sections, summarized across 44 Random Forests habitat models, including 1001 trees each. Selection ratio 
is the count of all habitat features observed within each tree section relative to the total availability of each section across all models. The dashed horizontal lines 
refer to the expected (i.e., random) selection frequency within each tree section, and under the null distribution, selection ratios are expected to equal P ≈ 1. For 
example, the number of times habitat features were observed within the leaves section (i.e., terminal nodes) generally matched the expected selection ratio, based on 
the number of variables and distribution of available nodes. In contrast, several features, e.g., the second floristic gradient (nm2) and tree basal area (tba, m2 ha− 1), 
displayed large selection frequencies within the root nodes, greater than that expected based on the availability of nodes within this tree section (in this example P =
2.73 times as likely to be selected within this section). 
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responsible for shaping avian assemblage composition in this region and 
within landscapes scales. The exceptionally wide variation in vegetation 
features incorporated in this study also likely contributed to the detec-
tion of different associations with vegetation structure and floristics. 
Therefore, it is not surprising that such variability in response to vege-
tation factors can exist among an ecological community of species. 

There are several studies that acknowledge both vegetation structure 
and floristics are equally important to the habitat selection of forest 
songbirds (Arnold, 1988; Bersier and Meyer, 1994; Hewson et al., 2011; 
Mac Nally, 1990; Yen et al., 2011). Our findings directly depended on 
the interpretation of relationships among different species and would 

likely have been obscured by the loss of information that results from 
summary measures of community richness or diversity. This suggests 
that individual species habitat requirements can be quite complex and 
require special attention. By exploiting the structural components of the 
models, we were also able to begin to provide more direct, quantitative, 
observations on the hierarchical selection of habitat features among 
songbird species. These approaches offer complementary interpretation 
of influential habitat features (Ishwaran et al., 2010) and have been used 
to identify the importance of climatic-vegetation interactions of song-
bird species across the Boreal forest (Cumming et al., 2014). Although 
empirical (Bersier and Meyer, 1994; Wiens et al., 1987) and 

Fig. 10. Selection ratios of feature classes within five tree sections and among the 14 feature-dependent groups.  
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circumstantial (Drapeau et al., 2000; Mac Nally, 1990; Robinson and 
Holmes, 1984) observations support the notion that songbird species 
incorporate hierarchical processes in the selection of habitat (to which 
we have related to the overall strengths in observed gradients here), the 
explicit use of hierarchical modeling approaches should inspire enthu-
siasm for future work. 

Still though, much of the variability in vegetation factors observed in 
this study and others reverts back to vegetation processes unfolding 
along environmental gradients (Thomson et al., 2009). In this study, 
topographic gradients influencing moisture regimes strongly govern 
plant species assemblages across the dissected landscape (Hix and 
Pearcy, 1997). By examining the relevant features responsible for 
structuring the feature-dependent groups, we attributed much of the 
variability in species responses to associations with bottomland relative 
to upland forest types, incorporating corresponding factors, such as 
elevation and canopy structural diversity, that synthesize this gradient. 
In such cases, there exists a powerful influence of floristic associations in 
structuring some portion of the primary gradient in songbird species 
responses to vegetation. This variation in floristic assemblages ulti-
mately also contributes to the structural variation of habitat (Adams and 
Matthews, 2019). Not necessarily unique to these forests, the decisions 
taken about the management of forestlands is often influenced by 
vegetation associations and are clearly also important to the manage-
ment of local songbird populations. 

It is also worth noting that although factors operating at fine spatial 
scales are considered highly influential (McGarigal and Cushman, 
2004), such as those studied here, other processes operating at larger 
landscape scales may also influence the distribution of songbird species 
(Lichstein et al., 2002a). Therefore, it is important to acknowledge that 
due the extent of forestland in the surrounding region of our study, it 
may be that these processes are less prevalent, especially for those 
species occurring in closed-canopy forest dominating the region (Cun-
ningham and Johnson, 2016; Hadley and Betts, 2016). Instead, these 
factors may be more relevant to species specializing in early- 
successional and young forest habitats, typically occurring in regener-
ating clear cuts (Rodewald and Vitz, 2005). Nonetheless, future exami-
nation of landscape composition and configuration, particularly the 
influence of patch size and connectivity, on songbird species seems 
warranted, as well as applications of our approach in regions with less 
forestland. 

5. Conclusions 

We developed a novel feature-dependent group framework to iden-
tify the habitat features that strongly influence songbird distributions 
and ultimately shape patterns in avian assemblage composition. We 
detected large variability in importance of specific habitat features but 
concluded that canopy height, woody plant density and basal area, and 
floristic gradients were the most important features overall, capturing 
variation in plant assemblages relative to topography and succession. 
Both vegetation structure and floristics were shown to be equally 
important in characterizing the primary differences in influential habitat 
features but for different collections of species. Our results suggest that 
habitat heterogeneity can be determined by different processes even for 
species co-occurring within the same landscape. The large variability in 
relationships is likely attributed to the sharp gradients in both vegeta-
tion structure and floristics that occur in the study area. These observed 
patterns underscore the importance of individual species modeling that 
incorporates quantification of hierarchal model organization (i.e., the 
expanded outputs within a Random Forests modeling environment 
included here) in capturing potential hierarchies in habitat use among 
forest songbird communities. Applying our framework in other forest 
ecosystems and at different spatial extents would strengthen the case for 
focusing on these relationships among songbird communities. 

By better understanding how vegetation heterogeneity contributes to 
avian community assembly processes, we are in a better position to 

understand how local songbird communities will change as vegetation 
patterns are altered by future climate change. Future work might focus 
on how adequate levels of heterogeneity can be maintained while sup-
porting forestlands under intensifying environmental change (Fahey 
et al., 2018). Contemporary climate-adaptive management systems 
increasingly consider the need for assisted migration of tree species as a 
means to facilitate resiliency of forest ecosystems in the face of future 
climate change. In some cases, it seems that novel mixtures of tree 
species will be adopted as part of climate change adaptation. Our results 
suggest that these management practices may have influences on asso-
ciated songbird communities. Thus, it is important to examine how 
songbird communities respond to these new management systems if 
they are to be adopted at large scales in the future. 
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Gaese, K., 2011. Specialization and interaction strength in a tropical plant-frugivore 
network differ among forest strata. Ecology 92 (1), 26–36. https://doi.org/10.1890/ 
09-1842.1. 

Seavy, N.E., Alexander, J.D., 2011. Interactive effects of vegetation structure and 
composition describe bird habitat associations in mixed broadleaf-conifer forest. 
J. Wildl. Manage. 75 (2), 344–352. https://doi.org/10.1002/jwmg.37. 

Selwood, K., Mac Nally, R., Thomson, J.R., 2009. Native bird breeding in a 
chronosequence of revegetated sites. Oecologia 159 (2), 435–446. https://doi.org/ 
10.1007/s00442-008-1221-9. 

Simberloff, D., Dayan, T., 1991. The guild concept and the structure of ecological 
communities. Annu. Rev. Ecol. Syst. 22 (1), 115–143. https://doi.org/10.1146/ 
annurev.es.22.110191.000555. 

Stevens, D.L., Olsen, A.R., 2004. Spatially balanced sampling of natural resources. J. Am. 
Stat. Assoc. 99 (465), 262–278. https://doi.org/10.1198/016214504000000250. 

Stoleson, S.H., 2013. Condition varies with habitat choice in postbreeding forest birds. 
Auk 130 (3), 417–428. https://doi.org/10.1525/auk.2013.12214. 

Stout, W., 1933. The charcoal iron industry of the Hanging Rock Iron District—its 
influence on the early development of the Ohio Valley. Ohio State Archaeol. Hist. Q. 
42, 72–104. 

Swatantran, A., Dubayah, R., Goetz, S., Hofton, M., Betts, M.G., Sun, M., Simard, M., 
Holmes, R., Schumann, G.-P., 2012. Mapping migratory bird prevalence using 
remote sensing data fusion. PLoS One 7 (1), e28922. https://doi.org/10.1371/ 
journal.pone.0028922. 

Tallamy, D.W., Shropshire, K.J., 2009. Ranking Lepidopteran use of native versus 
introduced plants. Conserv. Biol. 23, 941–947. https://doi.org/10.1111/j.1523- 
1739.2009.01202.x. 

ter Braak, C.J.F., Schaffers, A.P., 2004. Co-correspondence analysis: a new ordination 
method to relate two community compositions. Ecology 85 (3), 834–846. https:// 
doi.org/10.1890/03-0021. 

Thomson, J.R., Mac Nally, R., Fleishman, E., Horrocks, G., 2007. Predicting bird species 
distributions in reconstructed landscapes. Conserv. Biol. 21 (3), 752–766. https:// 
doi.org/10.1111/j.1523-1739.2007.00687.x. 

Thomson, J.R., Moilanen, A.J., Vesk, P.A., Bennett, A.F., Nally, R.M., 2009. Where and 
when to revegetate: a quantitative method for scheduling landscape reconstruction. 
Ecol. Appl. 19 (4), 817–828. https://doi.org/10.1890/08-0915.1. 

Veen, T., Sheldon, B.C., Weissing, F.J., Visser, M.E., Qvarnström, A., Sætre, G.-P., 2010. 
Temporal differences in food abundance promote coexistence between two 
congeneric passerines. Oecologia 162 (4), 873–884. 

Vermote, E., Justice, C., Claverie, M., Franch, B., 2016. Preliminary analysis of the 
performance of the Landsat 8/OLI land surface reflectance product. Remote Sens. 
Environ. 185, 46–56. https://doi.org/10.1016/j.rse.2016.04.008. 

Vitz, A.C., Rodewald, A.D., 2006. Can regenerating clearcuts benefit mature-forest 
songbirds? An examination of post-breeding ecology. Biol. Conserv. 127 (4), 
477–486. https://doi.org/10.1016/j.biocon.2005.09.011. 

Whelan, C.J., 2001. Foliage structure influences foraging of insectivorous forest birds: an 
experimental study. Ecology 82 (1), 219–231. https://doi.org/10.1890/0012-9658 
(2001)082[0219:FSIFOI]2.0.CO;2. 

Wiens, J.A., 1981. Scale problems in avian censusing. Stud. Avian Biol. 6, 513–521. 
Wiens, J.A., Rotenberry, J.T., 1981. Habitat associations and community structure of 

birds in shrubsteppe environments. Ecol. Monogr. 51 (1), 21–42. https://doi.org/ 
10.2307/2937305. 

Wiens, J.A., Rotenberry, J.T., Van Horne, B., 1987. Habitat occupancy patterns of North 
American shrubsteppe birds: the effects of spatial scale. Oikos 48, 132–147. https:// 
doi.org/10.2307/3565849. 

Wulder, M.A., Masek, J.G., Cohen, W.B., Loveland, T.R., Woodcock, C.E., 2012. Opening 
the archive: how free data has enabled the science and monitoring promise of 
Landsat. Remote Sens. Environ. 122, 2–10. https://doi.org/10.1016/j. 
rse.2012.01.010. 

Yen, J.D.L., Thomson, J.R., Vesk, P.A., Mac Nally, R., 2011. To what are woodland birds 
responding? Inference on relative importance of in-site habitat variables using 
several ensemble habitat modelling techniques. Ecography 34 (6), 946–954. https:// 
doi.org/10.1111/j.1600-0587.2011.06651.x. 

B.T. Adams and S.N. Matthews                                                                                                                                                                                                             

https://doi.org/10.1111/j.1365-2699.2005.01254.x
https://doi.org/10.1890/1051-0761(2002)012[0836:LEOBSA]2.0.CO;2
https://doi.org/10.1890/1051-0761(2002)012[0836:LEOBSA]2.0.CO;2
https://doi.org/10.1890/0012-9615(2002)072[0445:SAAAMI]2.0.CO;2
https://doi.org/10.1111/j.1442-9993.1990.tb01036.x
https://doi.org/10.1111/j.1442-9993.1990.tb01036.x
https://doi.org/10.1111/j.1472-4642.2009.00578.x
https://doi.org/10.1111/j.1472-4642.2009.00578.x
https://doi.org/10.2307/1932254
https://doi.org/10.1111/j.1600-0587.2011.06803.x
https://doi.org/10.1658/1100-9233(2007)18[655:taspif]2.0.co;2
https://doi.org/10.1658/1100-9233(2007)18[655:taspif]2.0.co;2
https://doi.org/10.1890/03-5131
https://doi.org/10.2193/2006-169
https://doi.org/10.1007/s10980-018-0639-7
https://doi.org/10.1016/j.biocon.2017.06.029
https://doi.org/10.1016/j.biocon.2017.06.029
https://doi.org/10.1016/j.foreco.2011.05.006
https://doi.org/10.1111/gcb.14571
https://doi.org/10.1890/1051-0761(2000)010[1706:BGAIOE]2.0.CO;2
https://doi.org/10.1890/1051-0761(2000)010[1706:BGAIOE]2.0.CO;2
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.1007/s11027-007-9126-1
https://doi.org/10.1093/forestscience/48.2.267
https://doi.org/10.1016/j.biocon.2005.09.041
https://doi.org/10.1016/j.biocon.2005.09.041
https://doi.org/10.2193/0022-541X(2005)069[0681:EAAOSB]2.0.CO;2
https://doi.org/10.2193/0022-541X(2005)069[0681:EAAOSB]2.0.CO;2
https://doi.org/10.1007/BF00384286
https://doi.org/10.1007/BF00384286
https://doi.org/10.1525/cond.2009.090015
https://doi.org/10.1525/cond.2009.090015
https://doi.org/10.1016/j.rse.2017.05.032
https://doi.org/10.1016/j.rse.2017.05.032
https://doi.org/10.5751/ACE-01185-130111
https://doi.org/10.1890/09-1842.1
https://doi.org/10.1890/09-1842.1
https://doi.org/10.1002/jwmg.37
https://doi.org/10.1007/s00442-008-1221-9
https://doi.org/10.1007/s00442-008-1221-9
https://doi.org/10.1146/annurev.es.22.110191.000555
https://doi.org/10.1146/annurev.es.22.110191.000555
https://doi.org/10.1198/016214504000000250
https://doi.org/10.1525/auk.2013.12214
http://refhub.elsevier.com/S1470-160X(22)00188-1/h0465
http://refhub.elsevier.com/S1470-160X(22)00188-1/h0465
http://refhub.elsevier.com/S1470-160X(22)00188-1/h0465
https://doi.org/10.1371/journal.pone.0028922
https://doi.org/10.1371/journal.pone.0028922
https://doi.org/10.1111/j.1523-1739.2009.01202.x
https://doi.org/10.1111/j.1523-1739.2009.01202.x
https://doi.org/10.1890/03-0021
https://doi.org/10.1890/03-0021
https://doi.org/10.1111/j.1523-1739.2007.00687.x
https://doi.org/10.1111/j.1523-1739.2007.00687.x
https://doi.org/10.1890/08-0915.1
http://refhub.elsevier.com/S1470-160X(22)00188-1/h0495
http://refhub.elsevier.com/S1470-160X(22)00188-1/h0495
http://refhub.elsevier.com/S1470-160X(22)00188-1/h0495
https://doi.org/10.1016/j.rse.2016.04.008
https://doi.org/10.1016/j.biocon.2005.09.011
https://doi.org/10.1890/0012-9658(2001)082[0219:FSIFOI]2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082[0219:FSIFOI]2.0.CO;2
http://refhub.elsevier.com/S1470-160X(22)00188-1/h0515
https://doi.org/10.2307/2937305
https://doi.org/10.2307/2937305
https://doi.org/10.2307/3565849
https://doi.org/10.2307/3565849
https://doi.org/10.1016/j.rse.2012.01.010
https://doi.org/10.1016/j.rse.2012.01.010
https://doi.org/10.1111/j.1600-0587.2011.06651.x
https://doi.org/10.1111/j.1600-0587.2011.06651.x

	Feature-dependent group structures and hierarchical songbird-habitat relationships in a managed forest landscape
	1 Introduction
	2 Methods
	2.1 Study area
	2.2 Songbird data
	2.3 Habitat data
	2.3.1 LiDAR data and structural and environmental layers
	2.3.2 Landsat imagery and floristics and additional structural layers

	2.4 Ensemble structural modeling
	2.5 Feature importance
	2.6 Feature-dependent groups
	2.7 Feature positions

	3 Results
	3.1 Model performance
	3.2 Overall feature importance
	3.3 Feature-dependent groups
	3.4 Tree sections

	4 Discussion
	4.1 Structure and floristics primarily influence songbird habitat
	4.2 Environment also influences songbird habitat
	4.3 Underlying drivers of songbird communities

	5 Conclusions
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


