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The species – area relationship (SAR) is a common pattern in which diversity increases 
with the area sampled, but ecosystems are three-dimensional (3D) and diversity – vol- 
ume relationships (DVRs) may exist in ecosystems that vary substantially in their veg- 
etation volume. We tested whether forest vegetation volume, as a 3D extension of 
area in SARs, was a significant predictor of taxonomic (species) and structural 
(arrange- ment) diversity in five groups of organisms across the National Ecological 
Observatory Network (NEON). Vegetation volume and four structural arrangement 
metrics within the area of NEON plots were measured using NEON’s discrete 
return lidar. Species richness was measured as the number of species within the 
respective NEON plot sampling area for understory plants, trees, breeding land 
birds, small mammals, and ground beetles. We found that volume negatively 
predicted understory plants and positively predicted tree and beetle species richness 
across the USA forest macrosystem, but not bird and small mammal species richness. 
Furthermore, volume was a signifi- cant predictor of several metrics that describe the 
internal and external heterogene- ity of vegetation in forests (structural arrangement) 
within the ecosystem across the USA forest macrosystem. There were several 
significant within site-level relationships, but not at all sites, between volume and 
species richness or structural arrangement in organism groups. Our study indicates 
that previous work that has focused on a 2D conceptualization of habitat can be 
expanded to 3D habitat space, but that the strength and the positive or negative 
direction of DVRs may vary taxonomically or geographically. 

Keywords: habitat volume, lidar, national ecological observatory network, species 
area – curve, vegetation structure 
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Introduction 

The species–area relationship (SAR) describes the common 
pattern in which the number of species increases with the 
size of the area sampled (Matthews et al. 2021, Tjorve et al. 
2021a), but SARs consider two-dimensional (2D) area when 
ecosystems are three-dimensional (3D) in nature. Traditional 
tests for SARs have focused extensively on the importance 
of the amount of the spatial area of habitat for supporting 
a diverse community (Fattorini et al. 2021, Tjorve et al. 
2021b). However, the vertical aspect of ecosystems is also 
important for meeting the habitat requirements of organisms 
(Gámez and Harris 2022). Therefore, the 3D space of eco- 
systems may exhibit similar relationships with biodiversity to 
those observed with spatial area (van der Gast et al. 2006). 
In forest ecosystems, the 3D aspects of volume – the outer 
envelope around the vegetation surface that includes both 
the open and filled spaces of the inner canopy – represents 
an important component of habitat. New advances in 
remote sensing tools make it easier to quantify 3D aspects 
of habitat across space and thereby measuring ecosystems 
characteristics such as the volume of forest vegetation 
(Lausch et al. 2016, Dubayah et al. 2020, Valbuena et al. 
2020). 

The volume of vegetation is hypothesized to restrict the 
amount of niche space that can be filled by plants and habi- 
tat for different taxa, especially in forests. In general, more 
volume available in a forest should allow for a greater num- 
ber and more complex arrangement of different vegetation 
layers. A plant community with a greater stratification of 
vegetation layers has the potential to stratify resource use 
vertically (West et al. 2009, Atkins et al. 2018, Luo et al. 
2019) and to create more vertical habitat for other organisms 
(MacArthur et al. 1966, Tews et al. 2004, Bergen et al. 2009). 
It is therefore expected that the biological diversity will 
scale 

with volume – in organisms that have a need for vertical 
niche space – even when horizontal area is kept constant, 
because there are more niche spaces to be filled vertically. 

The expected relationship between increasing forest 
volume and taxonomic diversity may vary across organism 

groups (see Table 1 for predicted relationships), because of 
the different needs for vertical habitat among organisms. 

The volume of the forest influences how resources such as 
light can reach dif- ferent members of the community and 

the ability for those different members to obtain these 
resources through mecha- nisms such as competition or 

facilitation (Westoby 1998, McElhinny et al. 2005, Kunstler 
et al. 2016). For example, an increase in forest volume may 
enhance the niche space avail- able for organisms that use 
the middle to upper levels of the canopy, such as trees or 

birds more than the forest floor. At the same time, an 
increase in overstory volume can cause a reduction in light 

that reaches the understory plant commu- nity, thereby 
reducing the niche space available for organisms occurring at 
those levels. Accordingly, some previous studies have found 
opposite relationships between forest or plant vol- ume and 

taxonomic diversity (i.e. birds and beetles, Table 1). New 
research is showing that other types of diversity, aside from 
species richness, may also exhibit positive relationships with 

sampling area (Matthews et al. 2021, Mazel and Thuiller 
2021). For instance, two types of diversity, phylogenetic and 
functional, have been shown to exhibit a positive relationship 

with area (Mazel and Thuiller 2021). This may also extend 
to a historically overlooked type of diversity, structural diver- 

sity, which is described as the volumetric capacity, physical 
arrangement, and identity/traits of biotic components within 

an ecosystem (LaRue et al. 2023b) and is representative of 
architectural functional traits. Structural diversity metrics 
that describe the 3D physical arrangement of vegetation are 

hypothesized to predict realized niche space, because 
structural 

 

Table 1. Predicted direction of relationships between the aspects of vegetation volume and structural arrangement of forests with the species 
richness of plant and animal organisms. 

 Aspects of forest volume Aspects of structural arrangement 

Birds + 
Goetz et al. 2007, Redolfi De Zan et al. 2014 

+ 
MacArthur and MacArthur 1961 

 − 
Goetz et al. 2007 

 

Small mammals 
 

 

- 
Schooler and Zald 2019 

+ 
Sullivan et al. 2001, Ehlers Smith et al. 2017, Schooler and Zald 

2019 

Beetles + 
Redolfi De Zan et al. 2014 

+ 
Knuff et al. 2020, Müller and Brandl 2009 

 − 
Boutaud et al. 2022 

 

Trees + 
Gough et al. 2020 

+ 
Gough et al. 2020, Hakkenberg and Goetz 2021, 

LaRue et al. 2023c 

Understory plants − 
Hakkenberg and Goetz 2021, Zheng et al. 2022 

+ 
Hakkenberg and Goetz 2021, Coverdale and Davies 2023 
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arrangement influences the occupancy of niche axes such as 
available light (Adams et al. 2007, Vieilledent et al. 2010, 
Forrester and Bauhus 2016, LaRue et al. 2023c) and habi- 
tat selection for other trophic levels (Théry 2001). Structural 
diversity is an overlooked but critical type of ecological diver- 
sity (LaRue et al. 2023b ). However, recent advances in the 
ability to measure 3D aspects of ecosystems have only now 
allowed for it to become feasible to quantify at larger spatial 
scales (LaRue et al. 2019, Aponte et al. 2020, Ehbrecht et al. 
2021). Despite early work on the subject (MacArthur and 
MacArthur 1961), it is not well known how structural diver- 
sity fits within SARs theory. We may find that it follows simi- 
lar patterns across macrosystems as has been observed with 
taxonomic, phylogenetic and functional diversity (Mazel and 
Thuiller 2021). For example, recent work has shown that the 
number of vegetation layers increases with the height of the 
canopy in different forest types due to layering and in-filling 
(Gough et al. 2020, Atkins et al. 2022). 

Volume may cause increases in species richness of plants 
and animals directly or may do so indirectly through the 
alteration of the structural arrangement of vegetation such 
that it supports greater or less habitat for plants and animals. 
The volume of vegetation may increase niche space directly 
by adding more vertical space to the ecosystem, which allows 
for greater species packing (Coverdale and Davies 2023). 
However, volume may indirectly influence taxonomic diver- 
sity through the addition of new habitats via the stratifi- 
cation of layers or structural diversity because structural 
diversity may not always increase with higher forest volume. 
Structural diversity of sessile biotic ecosystem components 
(e.g. plants, corals) can have a positive relationship with the 
taxonomic or trait diversity of species (Helder et al. 2022), 
but may not always have a strong effect on a particular taxo- 
nomic group of plant or animals (Drag et al. 2023). Finally, 
there has been recent interest in quantifying the 3D niche of 
ecosystems and how this influences wildlife behavior, habitat 
use, population dynamics, and community diversity (e.g. see 
several recent reviews on the topic, Gámez and Harris 2022, 
Russo et al. 2022). 

As diversity is being lost at unprecedented rates and 
the functioning of forest ecosystems is imperiled by global 
change threats (Pereira et al. 2013, Jetz et al. 2019), under- 
standing how different dimensions of diversity are influenced 
by the volume of available habitat will advance our ability to 
make more accurate and informed management plans about 
habitat availability across macroscales (Fahey et al. 2018, 
Valbuena et al. 2020, LaRue et al. 2023b ). Our objective 
was to test if forest volume constrains species richness of 
dif- ferent organism groups and vegetation structural 
diversity across macrosystems (diversity volume – 
relationships or DVRs). We hypothesized that the 
maximum volume of the forest vegetation will restrict the 
amount of niche space that can be filled by vegetation 
(structural diversity) and habitat that is available to support 
different plant and animal species (species richness). 
However, the importance of vertical niche space will vary by 
organism group. Therefore, we predict that species richness 
and structural arrangement metrics will 

be related to the volume of the vegetation in the ecosystem 
due to higher availability of niche space with more volume, 
and that volume constraints on structural diversity will also 
explain variation in the species richness of different organ- 
ism groups but the strength and direction of the relation- 
ship will differ by organism group (Table 1). We evaluated 
these predictions by coupling forest volume and structural 
diversity metrics that describe the structural arrangement 
of vegetation within the canopy, (hereafter referred to as 
structural arrangement), using airborne light detection and 
ranging (lidar) and species richness for five different groups 
(understory plants, trees, breeding land birds, small mam- 
mals, ground beetles) across forested NEON sites in the 
USA from airborne light detection and ranging (lidar) and 
species richness from five different organism groups across 
forested NEON sites in the USA. 

 

Material and methods 

NEON site descriptions 

To test for DVRs across the USA forest macrosystem, we 
used data products from 26 NEON sites (Fig. 1a, Supporting 
information) (Kampe 2010). Sites were chosen based upon 
those that had an average vegetation height of at least 3 m 
and the availability of lidar and taxonomic identification 
and abundance surveys. The 26 sites span a forest vegetation 
volume gradient (Fig. 1a) and span 15 ecoclimatic domains 
across the conterminous USA, Alaska, Hawaii and Puerto 
Rico (Supporting information). 

 
Structural diversity measurements from NEON lidar: 
volume and structural arrangement 

We used NEON Aerial Observation Platform (AOP) 
discrete return lidar, collected during peak growing season 
greenness (Krause and Goulden 2015), to estimate forest 
vegetation volume and four structural arrangement metrics 
within three types of NEON taxonomic survey plots. Three 
plot sizes were used: 40 × 40 m (tree, understory plant, and 
beetle), 90 × 90 m (small mammal), and 500 × 500 m (land 
breeding bird). The 2D area of our plots is kept consistent 
for each organism group studied here per the NEON spatial 
sampling design, to allow us to focus on how variation in 
forest vegetation vol- ume within that area is related to 
species richness and struc- tural arrangement. 

We obtained the level 1 discrete return lidar from NEON 
(product no. DP1.30003.001) (NEON a,b) (Supporting 
information), removed outlier points, and corrected each 
plot’s point-cloud for ground elevation to get vegetation 
heights. The 1 km2 lidar .laz tiles were downloaded using 
the ‘neonUtilities’ R package (www.r-project.org, National 
Ecological Observatory Network 2020). We clipped at least 
a 20-m square buffer beyond the width of each plot. Outliers 
were filtered by removing points six standard deviations 
above and below the mean height for bird plots and 
four 
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Figure 1. Average forest volume of NEON study sites across the USA (volume average for an area of 1600 m2 taken across base plots 
from the tree organism group) (A) and hypothesized relationships between vegetation volume, structural arrangement, and species richness 
tested in the piecewise structural equation model (B). ABBY - Abby Road, BART - Bartlett Experimental Forest, BONA - Caribou-Poker 
Creeks Research Watershed, CLBJ - Lyndon B. Johnson National Grassland, DEJU - Delta Junction, DELA - Dead Lake, GRSM - Great 
Smoky Mountains, GUAN - Guanica Forest, HARV - Harvard Forest, JERC -Jones Center, LENO - Lenoir Landing, MLBS - Mountain 
Lake Biological Station, OSBS - Ordway-Swisher Biological Station, PUUM - Pu'u Maka'ala Natural Area Reserve, RMNP - Rocky 
Mountains, SERC - Smithsonian Environmental Research Center, SJER - San Joaquin Experimental Range, SOAP - Soaproot Saddle, 
STEI - Steigerwaldt-Chequamegon, TALL - Talladega National Forest, TEAK - Lower Teakettle, UKFS - University of Kansas Field 
Station, UNDE - University of Notre Dame Environmental Research Center, WREF - Wind River Experimental Forest, YELL - 
Yellowstone. 

 

standard deviations for the other two smaller plot sizes and 
using the classify_noise function with the isolated voxels filter 
algorithm; all functions to process lidar came from the ‘lidR’ 
ver. 3.1.2 R package (www.r-project.org) unless otherwise 
noted (Roussel et al. 2020). The buffer area was corrected 
for ground elevation with a Delaunay triangulation using the 
normalize() function. Each buffer was then clipped to the 
corresponding plot area. 

Forest canopy volume and four structural arrangement 
metrics that describe the 3D internal (variation in vegeta- 
tion height inside the canopy) and external heterogeneity 
(variation in height of vegetation at canopy surface) of for- 
est canopy vegetation were calculated (Supporting informa- 
tion). We point out that our measurement of volume and 
structural arrangement metrics are both measured using lidar 
data, however lidar provides reliable measurements of 
differ- ent structural dimensions of forest canopies, 
including met- rics used here (Gough et al. 2020, LaRue et 
al. 2020, 2022, Atkins et al. 2022). Plots had a minimum 
canopy height of 3 m or taller. We used all returns to 
calculate: volume, rumple, CV(ht), CV(CV(ht)), and FHD 
(Supporting information); 

metrics were calculated using functions in the ‘lidR’ package 
unless noted otherwise. For rumple and volume, points < 3 
m were converted to zero in the point cloud. Points below 
0.5 m were filtered out of the point cloud for the remaining 
metrics. Volume was calculated as the sum of the forest 
veg- etation volume (m3) of each 1-m2 cell in the plot raster 
grid for the area of each NEON plot type from a canopy 
height model (grid_canopy() function), which provides a 
measure of the outer envelope around the vegetation surface 
that includes both the open and filled spaces of the inner 
canopy. To remove potential outlier plots with few trees that 
were taller than 3 m, we removed plots with a volume of < 
2000 m3 and shrub land cover types (only forest land cover 
types were used at the plot-level). A measure of surface 
canopy roughness, rumple (rumple_index() function) was 
calculated as the ratio of the outer surface area of the height 
of the canopy within a 1-m2 grid (i.e. canopy height model) 
to the ground area of the plot. A measure of internal canopy 
vegetation height heterogene- ity, CV(ht), was calculated as 
the coefficient of variation (CV) of vegetation heights across 
the entire point cloud with the cloud_metrics() function. A 
measure of the spatial variation in 
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vertical vegetation height heterogeneity, CV(CV(ht)), was cal- 
culated as the CV of vegetation heights (points) within 9-m2 

voxels across the plot and then the plot-level CV across 
each voxel’s CV value was calculated using the grid_metrics() 
func- tion. Finally, foliage height diversity, a measure of the 
richness and evenness of vertical stratification of vegetation 
layers, was calculated using the FHD() function in the ‘leafR’ 
R pack- age (www.r-project.org, de Almeida et al. 2019), 
which uses abundances as per-vowel-relative LAD values as 
described in MacArthur and MacArthur (1961). 

Species richness from NEON products 

We used five NEON TOS data products (Thorpe et al. 2016, 
Barnett et al. 2019b) to measure the species richness and 
Shannon’s diversity index of five different organism groups 
(understory plants, trees, breeding land birds, small mam- 
mals and ground beetles). We used the most recent year of 
plot-level data that were sampled that was closest to the year 
of AOP lidar used. We removed individuals not identified to 
at least the species level. 

Understory plant and tree taxonomic diversity 

We used the plant presence and abundance (NEON. 
DP1.10058.001) (NEON c, d) and vegetation structure data 
products (NEON.DPI.10098.001) (NEON e, f ) to measure 
the taxonomic diversity of understory plant and tree commu- 
nities, respectively. We used the 1-m2 nested subplots aggre- 
gated at the plot level (i.e. 40 × 40 m) from the plant presence 
and abundance product to calculate taxonomic richness and 
Shannon’s diversity index of the understory plant community 
(individuals of height < 3 m), because it is the only sam- 
pling subplot that includes the percent cover of each species 
(Barnett et al. 2019a). The vegetation structure includes the 
tree and shrub species identification of all individual trees 
with a stem diameter 10 cm or greater and a height of 1.3 
m or taller. We used the live individuals from the 400-m2 

sampled area across base plots at each site to estimate 
species richness and Shannon’s diversity index of the tree 
community within each plot. 

Breeding land bird taxonomic diversity 

We used the individual counts of identified land breeding 
birds observed within the bird observation plots from the 
NEON breeding land bird point counts product (NEON. 
DP1.10003.001) (NEON g, h) to calculate species richness 
and Shannon’s diversity index of birds. Breeding land birds 
are counted within a 6 min interval at nine different points 
within the 500 × 500 m plot over the growing season. Land 
breeding birds include non-aquatic species and typically 
exclude raptors, aquatic, or upland game birds; these other 
groups were removed. In addition, we removed any birds 
sighted outside of a count period. 

Small mammal taxonomic diversity 

We used the NEON small mammal box trapping product 
(NEON.DP1.10072.001) (NEON i, j) to estimate species 

richness and Shannon’s diversity index of small mammal 
communities that utilize the plot areas sampled. The box 
trapping is done across 3–8 arrays spaced at least 10 m apart 
within 90 × 90 m plots. Sherman folding traps are set for 
multiple nights per year and recapture is recorded by using 
ear and PIT markings. Only individuals with a trap capture 
status were used. Repeat captures of tagged individuals were 
removed at the plot level so as not to influence the 
frequency of individual species when calculating Shannon’s 
diversity index. 

 
Ground beetle taxonomic diversity 

We used the NEON ground beetles (Coleoptera: Carabidae) 
product that were sampled from pitfall traps (NEON. 
DP1.10022.001) (NEON l, k) to estimate beetle species 
richness and Shannon’s diversity index. The sampling method 
consists of four pitfall traps placed at each cardinal direction 
20 m from the center of a base plot and sampled weekly 
throughout the growing season. 

 

Statistical analyses 

All variables were log10 (1 + x) transformed prior to 
analy- sis. Additionally, variables were standardized using 

[x − mean{x}]/2 × SD[x]) to make variable effect sizes 
comparable. Before testing for the presence of DVRs, 

we removed highly correlated (repetitive) variables using 
the Spearman correlation coefficient within our five 

different organism group datasets (Supporting 
information). We chose to use species richness in our 

analyses but dropped Shannon’s diver- sity index from our 
analyses because it was highly correlated with species 

richness of each taxonomic group (r = 0.81– 0.97). The 
four structural arrangement metrics were retained. We tested 

for DVRs using a power function, which has been found 
to be one of the most common models to fit a SAR 

(Dengler 2009, Triantis et al. 2012) and previous work 
has also observed a power-law relationship between 

forest height and structural complexity metrics (Atkins et al. 
2022). The power law describes a relationship where diver- 
sity increases with increasing area (or volume), but diversity 
may reach a threshold at higher values of area (or volume). 

We used the lognormal version of the power law, because the 
response and the predictor variable were log10 (1 + x) trans- 
formed prior to all analyses. We employed a linear model 
with the lmer() function in the ‘lme4’ ver. 1.1.30 R package 

(www.r-project.org, Bates et al. 2015) to test for the lognor- 
mal power law relationship between volume and five diver- 
sity metrics across the five taxonomic groups. First, a linear 
model was fit for each dataset with volume as a fixed effect 

(predictor) and each diversity metric as a response variable 
for the different models. The linear model was run with a 
fixed intercept (C) representing the mean of the response 

variable across all plots and a random site intercept (CSite) to 
account for across site-level variation in the species richness 

or struc- tural arrangement response variable. The linear 
model was in 

the form of 
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log10(1 + diversity) = log10 C + log10 CSite + 

Z  log10(1 + volume). 

 

 
(1) 

a significant relationship with forest volume were composed 
of plant and beetle taxa. We found a positive regression 
coef- ficient (power law) between volume and tree species 
rich- ness (ZTree = 0.41 with Wald χ2 = 90.15, p-value = < 
0.01), 

Separate models were fit for each diversity metric and organ- 
ism group combination for a total of 25 models. A Wald 
χ2 test that had a p-value < 0.05 was used to determine if 
forest volume was significantly associated with the diversity 
response variable. To investigate site-level relationships, we 
ran equivalent simple linear regression models for sites that 
had eight or more plots and used a bootstrapped 95% confi- 
dence interval that did not overlap with zero to assess 
signifi- cance of the site-level DVR. 

We expected that volume would directly predict species 
richness, but that volume constraints on structural arrange- 
ment would indirectly explain variation in the species. To test 
for direct relationships of volume with species richness and 
indirectly through structural arrangement, we used a piece- 
wise structural equation model approach (piecewise SEM) 
with the ‘piecewiseSEM’ ver. 2.1.2 R package (www.r-proj- 
ect.org, Lefcheck 2016). We fit the saturated model, which 
had two parts 1) volume as a direct predictor of a structural 
arrangement variable and species richness and 2) volume as 
an indirect predictor of species richness through a structural 
arrangement variable (Fig. 1b). A random site intercept was 
included into the piecewise SEM. Each model included vol- 
ume, one structural arrangement metric, and species richness 
(four models per organism group, because there were four 
structural arrangement metrics). 

 

Results 

DVRs: species richness 

The direction of the relationship between forest volume 
and the species richness of five organism groups varied by 
taxon (Table 2, Fig. 2). The organism groups that exhibited 

but a negative regression coefficient with understory plant 
species richness (ZUnderstory plant = −0.11 with Wald χ2 = 6.53, 
p-value = 0.01). There was a positive regression coeffi- 
cient between volume and ground beetle species richness 
(ZBeetle = 0.19 with Wald χ2 = 7.02, p-value = < 0.01). The 
other two animal groups did not have a significant relation- 
ship with forest volume across sites (Table 2). At the site 
level, we found significant DVRs (Z coefficient) at 10 of 25, 
10 of 25, 2 of 12, 0 of 2, and 3 of 19 sites for understory 
plants, trees, birds, small mammal, and beetle groups, 
respectively (Supporting information, most small mammal 
sites had < 8 plots, so most of the site-level regressions were 
not included). 

 

DVRs: structural arrangement 

The volume of forest vegetation was a predictor of four dif- 
ferent dimensions of the structural arrangement of vegeta- 
tion within the ecosystem (Table 2, Fig. 3), but the direction 
and magnitude of site-level relationships varied (Supporting 
information). Forest volume was significantly positively 
correlated with rumple and FHD, negatively with CV(ht), 
but there was typically an insignificant association for 
CV(CV(ht)) (Table 2). Generally, the direction of the rela- 
tionships between volume and the structural diversity met- 
rics was consistent across the datasets for the five organism 
groups with two exceptions: for rumple insignificant in the 
small mammal dataset and CV(CV(ht)) being significantly 
positively correlated in the bird dataset (Table 2). At the site- 
level, we found that for FHD, that all or nearly all sites had 
significant slopes across the taxonomic groups (Supporting 
information). Whereas, rumple, CVCV(ht), and CV(ht) 
exhibited around 1/4 to 1/2 of the sites showing significant 
relationships between volume and the structural arrangement 
metric (Supporting information). 

 

 
Table 2. DVRs across the USA forest macrosystem modeled as log10 diversity = log10 C + log10 Z volume with a fixed and random site inter- 

cept. A significant volume regression coefficient is bolded when the p-value of a Wald χ2 test had an alpha < 0.05. All variables were log10 
(1 + x) transformed before analysis and standardized to make variable effect sizes comparable. 

Taxa Coefficient Species richness Rumple CV(CV(ht)) CV(ht) FHD 

Understory plant 

(NPlots = 636) 

log C (random 

intercept) 
0.00 (0.15) 0.00 (0.13) −0.01 (0.14) 0.00 (0.07) 0.00 (0.05) 

Z (χ2, p-value) −0.11 (6.53, 0.01) 0.29 (44.63, < 0.01) 0.06 (2.01, 0.15) −0.45 (88.55, < 0.01) 0.78 (1135.02, < 0.01) 

Trees 

(NPlots = 812) 

log C (random 

intercept) 

−0.02 (0.06) 0.02 (0.14) −0.02 (0.15) 0.01 (0.09) 0.00 (0.06) 

Z (χ2, p-value) 0.41 (90.15, < 0.01) 0.31 (54.50, < 0.01) 0.00 (0, 0.99) −0.47 (100.46, < 0.01) 0.78 (1239.98, < 0.01) 

Birds 

(NPlots = 118) 

log C (random 

intercept) 

−0.01 (0.23) −0.01 (0.17) −0.01 (0.11) −0.00 (0.10) −0.00 (0.04) 

Z (χ2, p-value) −0.04 (0.30, 0.58) 0.25 (9.85, < 0.01) 0.34 (12.04, < 0.01) −0.48 (19.55, < 0.01) 0.80 (643.90, < 0.01) 

Small mammals 

(NPlots = 71) 

log C (random 

intercept) 

−0.02 (0.19) −0.02 (0.16) −0.00 (0.10) −0.01 (0.09) −0.00 (0.01) 

Z (χ2, p-value) 0.19 (2.72, 0.09) −0.01 (0.01, 0.89) 0.21 (2.39, 0.12) −0.47 (11.9, 0.01) 0.89 (263.85, < 0.01) 

Beetles 

(NPlots = 195) 

log C (random 

intercept) 

−0.00 (0.10) 0.01 (0.15) −0.00 (0.14) 0.00 (0.10) 0.00 (0.07) 

Z (χ2, p-value) 0.19 (7.02, < 0.01) 0.33 (21.76, < 0.01) −0.06 (0.70, 0.40) −0.29 (14.60, < 0.01) 0.70 (375.63, < 0.01) 
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Figure 2. DVRs across the USA forest macrosystem shown for species richness – volume relationships for A) understory plants (NSites = 25), 
B) trees (NSites = 26), C) land breeding birds (NSites = 13), D) small mammals (NSites = 11), and E) ground beetles (NSites = 20). Plots and trend 
lines for each site are color coded as shown in the legend. All variables were log10 (1 + x) transformed and standardized to make variable 
effect sizes comparable. Trend lines are shown as the fixed slope (Z) and the random intercepts (CSite) for each site from the linear model 
with forest volume as the independent and species richness as the response variable (see Table 2 for associated model results). 

 

Direct relationships of volume with species richness 
and indirect via structural arrangement 

Volume was directly related to species richness but also indi- 
rectly through several metrics of the structural arrangement 
of vegetation for four groups of organisms. First, the direct 
DVR relationship between volume and structural arrange- 
ment in piecewise SEMs models across the USA forest 
macrosystem (Table 3) was consistent with those described 
above in ‘DVRs: Structural arrangement’. Second, the rela- 
tionship between volume and species richness was always 
significant for plant taxa; the relationship was negative for 
understory plants and positive for trees (Table 3). The rela- 
tionship between volume and beetle species richness was 
significantly positive for the beetles, except for the model 
with FHD (Table 3). The relationship between volume and 
species richness was insignificant for the other animal taxa, 
except for a negative relationship in the birds with FHD 
(Table 3). Third, volume was indirectly associated with spe- 
cies richness through structural arrangement metrics for 
understory plant and tree species richness, but the direction 
was opposite of that between volume and species richness 
in the piecewise SEM model (Table 3). Two metrics, rumple 
and CV(CV(ht)), were correlated with understory plant and 

tree species richness, but in different directions with under- 
story plant (positive) and tree (negative) (Table 3). FHD 
was positively associated with understory plant richness and 
CV(ht) with tree richness (Table 3). For both plant groups, 
the direction of the relationship between structural arrange- 
ment and species richness was opposite of the relationship 
between volume and species richness (except for CV(ht) and 
tree richness) (Table 3). Volume was indirectly associated 
with bird and beetle species richness through two structural 
arrangement metrics: CV(CV(ht)) and FHD positively pre- 
dicted bird species richness and rumple negatively predicted 
beetle species richness, whereas the remaining relationships 
were insignificant (Table 3). The direction of the relationship 
between structural arrangement and bird or beetle species 
richness was opposite of the relationship between volume 
and species richness, or only one of volume or structural 
arrange- ment was a significant predictor of animal species 
richness (when either were significant) (Table 3). 

 

Discussion 

We found that vegetation volume, as a 3D extension of area 
in the species area relationship, was a significant positive 
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Figure 3. DVRs across the USA forest macrosystem shown for structural arrangement – volume relationships for A) rumple, B) CV of 
height (CV(ht)), C) horizontal CV of CV of height (CV(CV(ht)), and D) foliage height diversity (FHD). Data is shown for the tree organ- 
ism group (NSites = 26). Plots and trend lines for each site are color coded as shown in the legend of Fig. 2. All variables were log10 (1 + x) 
transformed and standardized to make variable effect sizes comparable. Trend lines are shown as the fixed slope (Z) and the random 
inter- cepts (CSite) for each site from the linear model with forest volume as the independent and structural arrangement as the response 
variable (Table 2 for associated model results). 

predictor of tree and beetle species richness and negative 
predictor of understory plant species richness across the 
USA forest macrosystem. We did not find an overall rela- 
tionship between volume and bird or small mammal species 
richness. However, there were several significant site-
level 

relationships between volume and species richness, indicat- 
ing that DVRs may vary at the local scale. Indeed, previ- 
ous work has found that the Z coefficient strength varies by 
biome and landcover type (Gerstner et al. 2014), forest type 
or taxonomic group (He and Hubbell 2011). Furthermore, 

Table 3. Direct and indirect relationships between volume, structural arrangement, and species richness modeled in a saturated piecewise 
structural equation model with a random intercept for sites. Significance of coefficients were assessed with a p-value of alpha < 0.05 
(p-value shown in parentheses). Significant are bolded. Standardized coefficients from the SEM were used. All variables were log10 (1 + x) 
transformed and standardized to make variable effect sizes comparable. 

 
Taxa 

 
Coefficient 

Volume ⟶ structural 
arrangement 

Volume ⟶ taxonomic 
richness 

Structural arrangement ⟶ 
taxonomic richness 

Understory plants 

(NPlots = 636) 

Rumple 0.30 (< 0.01) −0.15 (< 0.01) 0.11 (0.01) 

CV(CV(ht) 0.07 (0.16) −0.13 (< 0.01) 0.21 (< 0.01) 

CV(ht) −0.45 (< 0.01) −0.12 (0.01) −0.01 (0.68) 

FHD 0.79 (< 0.01) −0.50 (< 0.01) 0.48 (< 0.01) 

Trees (NPlots = 812) Rumple 0.31 (< 0.01) 0.48 (< 0.01) −0.21 (< 0.01) 

CV(CV(ht) 0.00 (0.99) 0.41 (< 0.01) −0.23 (< 0.01) 

CV(ht) −0.47 (< 0.01) 0.45 (< 0.01) 0.09 (0.01) 

FHD 0.78 (< 0.01) 0.33 (< 0.01) 0.11 (0.13) 

Birds (NPlots = 118) Rumple 0.26 (< 0.01) −0.08 (0.39) 0.12 (0.2) 

CV(CV(ht) 0.35 (< 0.01) −0.10 (0.28) 0.19 (0.01) 

CV(ht) −0.49 (< 0.01) −0.04 (0.64) 0.01 (0.92) 

FHD 0.80 (< 0.01) −0.45 (0.04) 0.51 (0.04) 
Small mammals 

(NPlots = 71) 

Rumple −0.02 (0.89) 0.19 (0.11) −0.17 (0.13) 

CV(CV(ht) 0.22 (0.13) 0.20 (0.10) −0.05 (0.63) 

CV(ht) −0.47 (< 0.01) 0.20 (0.12) 0.02 (0.82) 

FHD 0.90 (< 0.01) 0.38 (0.09) −0.22 (0.31) 

Beetles (NPlots = 195) Rumple 0.33 (< 0.01) 0.26 (< 0.01) −0.18 (0.02) 

CV(CV(ht) −0.06 (0.40) 0.19 (0.01) −0.09 (0.19) 

CV(ht) −0.29 (< 0.01) 0.18 (0.02) −0.08 (0.27) 

FHD 0.70 (< 0.01) 0.14 (0.28) 0.09 (0.55) 
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organisms that have a greater dispersal ability are expected 
to have low z coefficient values (Hovestadt and Poethke 
2005), but we did not see significant z coefficients for the 
more mobile organism groups – birds and small mammals 
– in comparison to plants or beetles that are more spatially 
restricted. Additionally, volume was a significant predictor 
of four metrics that describe the structural arrangement of 
vegetation within the ecosystem across the USA forest mac- 
rosystem. Our study indicates that previous work that has 
focused on a 2D conceptualization of habitat abundance 
(physical area available to species to use for habitat) can be 
expanded to 3D habitat space across a macroscale for plant 
taxa, but that vertical heterogeneity is a critical consider- 
ation when examining these relationships at the landscape 
or macroscale. 3D metrics are conceptually complex as there 
are different ways to define 3D dimensions of habitat, such 
as volume or occupied vs unoccupied space, that may show 
different relationships with diversity. This requires further 
investigation into the different conceptualizations of 3D 
habitat space, including volume, in DVRs. 

The different body size of trees versus understory plants 
may have contributed to the opposing direction of the mac- 
rosystem DVR patterns that we observed here. Plants make 
up the size and arrangement of the canopy through their veg- 
etative growth and competition for resources, and thereby 
the volume of the ecosystem. Trees and shrubs would have 
made up the bulk of the vegetation volume measurement 
that our study used, because they make up most of the 
vertical portion of the canopy in forests. Whereas the 
understory plants (i.e. grasses, forbs, seedlings) can 
contribute to the forest volume indirectly through seedling 
recruitment (Dupuy and Chazdon 2008), but are more likely 
to be impacted by the volume of the canopy via competition 
for light or water differently than adult trees (Anderson et al. 
1969, Anderegg et al. 2012). Understory plant richness was 
negatively correlated to vegeta- tion volume in the forest, 
indicating that across the USA for- est macrosystem, 3D 
habitat volume did not translate to the same expected 
positive relationship typically observed with species richness 
and area. Instead of volume indicating that there was greater 
niche space available to be filled by the sub- canopy plants, a 
greater volume likely means higher canopy cover and less 
light or water reaching the forest floor, and thereby limiting 
niche space (Niinemets 2007, 2010). This competition for 
light and water can influence plant species frequently found 
in the understory (Anderson et al. 1969, Hakkenberg and 
Goetz 2021). In contrast, tree species rich- ness was 
positively related to volume, which indicated that an 
increase in 3D habitat space has a similar relationship to 
the expected SAR patterns observed (MacArthur 1972, 
Matthews et al. 2021, Tjorve et al. 2021a). This positive rela- 
tionship may be caused by the ability of large-bodied tree 
species to occupy different vertical niche spaces to compete 
for different resources such that different tree species vary 
in their functional traits or structural architecture (LaRue et 
al. 2023c). It is also possible that older forests have 
achieved a larger volume and simultaneously accumulated a 
greater number of tree species (Franklin 1981, van Pelt and 
Franklin 

2000), however NEON does not have stand age data for 
their individual base plots to test this. Indeed, the SAR is not 
always a positive relationship and can depend upon stochas- 
tic and deterministic factors that shift the relationship shape 
(Condit et al. 1996, Tjorve et al. 2021b). 

An increase in forest volume is hypothesized to enhance 
the habitat availability and potential for niche partitioning 
of animal species in the forest community (McCoy and Bell 
1991, Loke and Chisholm 2022), but volume only predicted 
macrosystem patterns in one of the three animal groups (bee- 
tles). Different animal groups may vary in their vertical use 
of habitat (MacArthur and MacArthur 1961) due to in part 
to taxonomic differences in mobility or body size that result 
in different uses of vegetation as a resource (Sutherland et al. 
2000, Makarieva et al. 2005, Barbaro and van Halder 2009). 
Indeed, vertical partitioning of species can be an evolu- 
tionary result of competitive exclusion (MacArthur 1958, 
Naikatini et al. 2022). The plot sizes here varied by the 
NEON sampling design for different taxonomic diversity 
surveys, however, future work could make 2D (SAR) and 3D 
(DVR) habitat comparisons using spatially nested sampling 
to help elucidate potential mechanisms underlying taxo- 
nomic specific relationships between habitat availability and 
diversity, including cross-scale (landscape – macrosystem) 
patterns of DVRs in animal taxa. 

The strength and direction of the taxonomic DVRs tested 
here varied across the sites examined. We observed both 
sig- nificant and non-significant DVRs at the site-level for 
both the plant and animal organism groups studied. Past 
work has shown that relationships between habitat 
abundance and species diversity vary with environmental 
conditions or through underlying processes, such as 
dispersal, or environ- mental filtering, that influence regional 
diversity (Shen et al. 2009, Tjorve et al. 2021b, He et al. 
2022). The impact of history, including climatic changes and 
biogeographic or evo- lutionary dynamics, may play an 
especially important role in constraining species pools in 
temperate habitats (Wiens and Donoghue 2004). However, 
it is yet unknown how local environment, regional species 
pools, and biogeographic and climatic histories may have 
contributed to site-level DVRs studied here. Finally, we were 
not able to investigate site-level relationships within the 
small mammals due to lower num- bers of plots per site in 
comparison to the other four groups of organisms. 

We expanded our representation of species richness as 
the SAR diversity variable with metrics that describe the 
struc- tural arrangement of vegetation within the ecosystem. 
We expected that a higher volume available in a forest 
would allow for a greater number and complex arrangement 
of veg- etation layers in the canopy (Gough et al. 2020, 
Atkins et al. 2022). This was supported by a positive 
relationship between volume and the roughness of the 
canopy surface (rumple) and the diversity of the number of 
layers in the vertical canopy profile (foliage height diversity). 
Similarly, Atkins et al. (2022) found that the structural 
complexity of the canopy (number of layers or rugosity) 
increased with forest height, but that structural 
complexity did not scale 
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equally with height. Our plot-level value of forest volume 
represents the occupied volume of vegetation in the for- 
est stand, whereas Atkins et al. (2022) looked at average 
outer canopy height and maximum height which provide 
a proxy for the actual total volume of the outer canopy that 
we used here. Additionally, these relationships between vol- 
ume and structural arrangement metrics were usually con- 
sistent across the taxa we looked at: positive (FHD, but one 
insignificant for rumple), negative (CV of height), or insig- 
nificant (CV(CV(ht)) except for positive in birds). At the 
macrosystem, even though the number of layers increased 
with volume, these layers may tend to occur in the upper or 
lower portion of the canopy as opposed to throughout that 
would be reflected with vertical heterogeneity of vegetation, 
therefore this may be why there is no significant relationship 
with CV(CV(ht)) and a negative relationship with CV(ht). 
Our measure of heterogeneity uses a coefficient of variation 
to remove effects of differences in the average mean of the 
points within the lidar dataset for forests that vary in their 
height (and volume). 

We predicted that volume would indirectly influence spe- 
cies richness through structural arrangement, because plants 
that occupy different locations within the canopy will create 
niche spaces that other members of the forest community 
at different trophic levels may use (McCoy and Bell 1991, 
Davies and Asner 2014, Loke and Chisholm 2022). We 
did find that volume predicted understory plant and tree 
species richness directly and indirectly through structural 
arrangement, but that the direction of the relationship with 
species richness was opposite. Volume had a negative rela- 
tionship with understory plant richness, but three structural 
arrangement metrics had a positive relationship with plant 
understory richness (rumple, CV(CV(ht)), FHD). Whereas 
volume had a positive relationship with tree species rich- 
ness, two structural diversity metrics of three, rumple and 
CV(CV(ht)), had a negative association with tree species 
richness (but CV(ht) a positive relationship). This implies 
that volume and the structural arrangement of the forest can- 
opy may represent different niche axes and thereby mecha- 
nisms for interacting with the species richness of understory 
plants and trees. Furthermore, we typically did not observe 
significant relationships between volume or structural 
arrangement and animal species richness across the USA 
for- est macrosystem. The exceptions were a positive 
relationship between CV(CV(ht)) and FHD with bird 
richness and a negative relationship between rumple and 
beetle richness. It is possible that individual sites exhibited 
significant relation- ships among volume, structural 
arrangement, and species richness, but we did not have 
enough plots within each site across the entire macrosystem 
for all five plant and animal groups to comprehensively 
investigate individual site-level relationships. Therefore, 
future work that investigates how plant and animal taxa 
interact with different dimensions of habitat volume and 
structural arrangement would provide important insight into 
how 3D habitat representations of niche space influence 
community diversity across different ecosystem types. 
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