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Preface to ”"Causes and Consequences of Species
Diversity in Forest Ecosystems”

Forests have the highest plant diversity among terrestrial ecosystems. Among forests, tree
species diversity tends to be highest in the tropics and at low elevations and is positively associated
with increasing precipitation and resource availability. Within forests, trees themselves create
physical structures and habitats for other species. Stratified “layers” consist of species of similar
life forms. The lowest, herbaceous layer is a mixture of resident species (e.g., mosses, liverworts,
ferns, flowering herbs) and transient seedlings of trees and shrubs that eventually grow into higher
strata. Shrub, subcanopy, and canopy layers, in turn, are dominated increasingly by woody shrubs
and trees. Epiphytes, epiphylls, herbaceous vines, and lianas depend on trees for support, while
arthropods, birds, and other animals use them for food and shelter.

Considerable research in recent decades has yielded new insights into the mostly positive
relationships between species diversity and ecosystem processes. There has been a concomitant
escalation of concern that declines in biodiversity of forests caused by increasing human population
size and land-use intensity, together with shifts in biodiversity caused by rapid climatic change
and new disturbance regimes, will compromise the ecosystem “services” forests provide to human
society. Although forests have always been seen as dynamic systems—Henry Chandler Cowles
described ecological succession over a century ago as “a variable approaching a variable, not a
constant”—the rapid increase in atmospheric concentrations of carbon dioxide and other “greenhouse
gases” and frequencies of extreme floods, droughts, fires, and catastrophic cyclonic windstorms
presage extensive changes and rearrangement of forests worldwide. Thus, research on the causes
and consequences of biodiversity in forests now intersects with the anxieties of the Anthropocene.

The 14 papers in this book, reprinted from a 2018-2019 Special Issue of the journal Forests,
illustrate these intersections. The first four papers document patterns of diversity at different
temporal and spatial scales. Dexter et al. place North American forest diversity in a phylogenetic
context and highlight that species diversity is not limited to modern forests but has its roots in
evolutionary processes and deep time. W. Li et al. examine diversity in a single family (Salicaceae) in
China, using species distribution models to explore its climate-driven changes in diversity from the
Last Glacial Maximum (22,000 years ago) through the present and into the late 21st century. Wang et
al. zero in on patterns of diversity of woody Ericaceae in China’s Yunnan Province, while Nguyen
et al. focus on spatial-scale-dependent diversity patterns of trees within individual 2-hectare plots in
north-central Vietnam.

The next four papers investigate drivers of diversity in unmanaged forests. Ellison et al. use data
from large (>15-hectare) forest plots in the Western Hemisphere to look for statistical “fingerprints”
of foundation tree species—those species that control the biodiversity and ecosystem dynamics of the
forests they define and structure. Van Tatenhove et al. document the complex interaction of climatic
factors on changing elevational distributions of forest birds and small mammals in New Hampshire’s
White Mountains. Peterson develops a new index of “damage diversity” and shows how it is related
to climatic drivers (wind disturbance) and in turn, influences structure diversity and complexity in
the forests of eastern North America. Gilliam reviews experimental studies of a quarter-century of
nitrogen addition on an experimental forest in West Virginia. This work has revealed that nitrogen
addition at levels similar to those coming from atmospheric deposition leads to a decline in species
diversity of herbaceous species in the forest understory and a greater sensitivity of the remaining



species to changes in light availability defined by the woody overstory.

The final six papers place forest diversity squarely in the context of human impacts and
management. Belote confirms the expected pattern that water availability and soil fertility positively
affect species diversity and productivity in the United States. He goes on to show—perhaps
unsurprisingly but rarely documented—that people are more likely to manage and modify highly
productive, species rich forests but conserve forests that have fewer species and lower productivity.
In a curious parallel, Tadesse et al. find that home gardens in western Ethiopia have a nearly
threefold higher tree diversity than nearby “natural” parklands. People manage for productivity and
diversity. They cultivate many non-native tree species that provide food, fiber, and lumber, whereas
parklands have primarily native species that provide similar, albeit less-productive, ecosystem
services. Heinrichs et al. illustrate that managing forests in Germany as mixtures rather than
monocultures increases local- and landscape-scale diversity of vascular plants, bryophytes, and
lichens. Y. Li et al. examine diversity of soil arthropods in monoculture plantations of poplar (Populus
deltoides) in eastern China, finding generally higher species richness in older (21-year-old) stands
but also temporal shifts in species composition. Bolton and D’Amato show that managing with
disturbance (harvest gaps) increases diversity of both native and non-native understory plants in
silvicultural systems in Minnesota (USA). Lastly, Oldfield and Peterson draw the useful distinction
between diversity and species composition in their report that salvage logging following wind
disturbance has little effect on diversity (as number of species) but substantial effects on species
composition in forests of north Georgia (USA).

Taken together, the papers in this book cover a broad range of forest types across four continents
and examine a wide range of topics relevant to understanding the causes and consequences of forest
diversity. They also illustrate the central importance on this human-dominated planet of managing

for, and with, species diversity in forests.

Aaron M. Ellison, Frank S. Gilliam
Special Issue Editors
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Abstract: Lineage diversity can refer to the number of genetic lineages within species or to the number
of deeper evolutionary lineages, such as genera or families, within a community or assemblage of
species. Here, we study the latter, which we refer to as assemblage lineage diversity (ALD), focusing in
particular on its richness dimension. ALD is of interest to ecologists, evolutionary biologists,
biogeographers, and those setting conservation priorities, but despite its relevance, it is not clear how
to best quantify it. With North American tree assemblages as an example, we explore and compare
different metrics that can quantify ALD. We show that both taxonomic measures (e.g., family richness)
and Faith’s phylogenetic diversity (PD) are strongly correlated with the number of lineages in
recent evolutionary time, but have weaker correlations with the number of lineages deeper in the
evolutionary history of an assemblage. We develop a new metric, time integrated lineage diversity
(TILD), which serves as a useful complement to PD, by giving equal weight to old and recent lineage
diversity. In mapping different ALD metrics across the contiguous United States, both PD and TILD
reveal high ALD across large areas of the eastern United States, but TILD gives greater value to the
southeast Coastal Plain, southern Rocky Mountains and Pacific Northwest, while PD gives relatively
greater value to the southern Appalachians and Midwest. Our results demonstrate the value of using
multiple metrics to quantify ALD, in order to highlight areas of both recent and older evolutionary
diversity.

Keywords: temperate forests; species richness; assemblage lineage diversity; phylogenetic diversity;
evolutionary diversity; United States; trees; TILD

1. Introduction

The evolutionary lineage is a fundamental concept in biology, denoting a group of organisms
connected by ancestor-descendent relationships [1]. Evolutionary lineages are hierarchically structured;
multiple younger evolutionary lineages can be nested within an overarching older lineage, or clade.
Thus, multiple genetically diverged lineages can exist within a single taxonomic species, and multiple
species can belong to older evolutionary lineages, such as genera, families or orders. Knowing the
number of lineages in different ecological assemblages and biogeographic regions gives insights into
evolutionary process, biogeographic history, and conservation priorities. For example, an assemblage
or region that houses many lineages can be interpreted as having a richer evolutionary history,
and therefore may be a greater priority for conservation than one that houses few. However,
the conservation value of lineage diversity has yet to be fully, and persuasively, communicated [2—4].
Providing clear and accurate quantification of lineage diversity may assist its integration into
conservation practice.

Forests 2019, 10, 520; doi:10.3390/f10060520 1 www.mdpi.com/journal/forests
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In its most basic form, quantifying the number of lineages in assemblages could consist of counting
the number of species. However, the term lineage diversity is generally applied when the units are
not species, but a shallower or deeper evolutionary level, i.e., within or above the species taxonomic
rank (see [5-9] for examples below species rank; see [10-14] for examples above species rank). In this
paper, we focus on lineage diversity above the species rank. Employing tree assemblages in the
contiguous United States, we explore various metrics by which assemblage lineage diversity (hereafter
ALD) might be quantified, using taxonomic and phylogenetic approaches. Given its pertinence to
conservation prioritisation, we focus specifically on the richness dimension of ALD.

Taxonomy is a hierarchical system for organising biological diversity. As such, it provides an
apparently straightforward means of quantifying ALD at different evolutionary depths, for example
by tallying the number of genera, families or orders in assemblages. However, Linnean taxonomic
ranks are not ‘natural” in the sense that they do not directly correlate to any precise evolutionary age.
Some clades of a given taxonomic rank may actually be younger than clades of a putatively lower
taxonomic rank. For example, the genus Pinus (Pinaceae) may be as old as 100 million years [15],
which is older than most angiosperm families [16]. If one were to compare an assemblage of four
Pinus species with an assemblage of four angiosperm species belonging to different genera in the
same family, and ALD were estimated as the number of genera in each assemblage, the angiosperm
assemblage would appear to have 4x higher ALD. However, all four species in the assemblage of Pinus
may have diverged from each other prior to the age of the most recent common ancestor of the four
species in the angiosperm assemblage (similar to mock assemblages B and C in Figure 1), which could
mean that the assemblage of Pinus has greater conservation value because it encompasses greater total
evolutionary history, in terms of time or branch lengths.

A) SR=3, PD=280, LD70=3, LD5=3 B) SR=4, PD=360, LD70=4, LD5=4
—C ————————D
C
5
— —8
L 4 o ——————— ]
| N E I B I N E I B
100 80 60 40 20 o] 100 80 60 40 20 o]
Time before Present (Myrs) Time before Present (Myrs)
C) SR=4, PD=180, LD70=1, LD5=4 D) SR=16, PD=360, LD70=1, LD5=16
—P

—F
—G
T T T T T 1
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Time before Present (Myrs) Time before Present (Myrs)

Figure 1. Example phylogenies for four mock assemblages (A-D) with contrasting species richness
(SR), phylogenetic diversity (PD) and phylogenetic structure (LD70 = number of lineages 70 Ma;
LD5 = number of lineages 5 Ma).

The advent of molecular phylogenetics has allowed researchers to move past taxonomic
approaches to quantifying ALD. Using a temporally calibrated phylogeny, one can choose a certain
evolutionary age—say X millions of years (Myrs)-and then readily estimate the number of lineages at
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X million years ago (Ma) in an assemblage of species. Further, one could examine how the number
of lineages varies at different time slices across a set of assemblages, or geographic space (sensu
Jonsson et al., 2011). This is directly analogous to constructing a lineage through time plot for a given
evolutionary clade [17], and indeed, studies have proposed constructing lineage through time plots
for individual communities or assemblages [18]. However, it is not clear at which evolutionary age,
or phylogenetic depth, one should be counting lineages. An assemblage that has more lineages than
another assemblage at one, deeper time slice might have fewer lineages at a more recent time slice
(compare assemblages B vs. D in Figure 1), which could be driven by variation in diversification
histories, community assembly, or numerous other processes. It would be ideal to have metrics for
ALD that integrate over the evolutionary history of the clade being studied.

Faith (1992) [19] developed a simple metric, phylogenetic diversity (PD), to estimate the
evolutionary history present in communities or assemblages of species, which is calculated by summing
the length of all branches in a phylogeny that includes all taxa present in an assemblage, and only
those taxa. While this metric is related to the number and age of evolutionary lineages present in
an assemblage, and thus may serve as a proxy for ALD, Figure 1 demonstrates that inferences of
ALD based on calculating PD may not always be straightforward. In this contrived scenario, it seems
clear that Assemblage A has less ALD than Assemblage B and that Assemblage C has less ALD
than Assemblage D. The calculations of PD, and even species richness, would support this visual
observation. Further, it seems plausible that Assemblage A has more lineage diversity than Assemblage
C, even though Assemblage C has more species. However, do Assemblages B and D really have
identical ALD even though they have such a discrepancy in species richness? Comparing Assemblages
B and D is challenging because they have such different phylogenetic structures. Assemblage B
has 4x as many lineages at 70 Ma, while Assemblage D has 4x as many lineages at 5 Ma. For this
reason, researchers have suggested that the amount of PD an assemblage contains above or below that
expected given its SR is a better measure of ALD [12,13]. However, if we were to follow that approach,
then Assemblage C might be considered to have more ALD than Assemblage D (its ratio of PD:SR is
twice that of Assemblage D), even though at all phylogenetic depths Assemblage D has the same or
more lineages than Assemblage C. Clearly, more work is needed to determine which metrics derived
from phylogenies may provide the best measures of ALD that integrate over evolutionary timescales.

The overarching goal of the present manuscript is to explore the behaviour of different metrics
that may potentially be used to quantify ALD. As our empirical example, we focus on tree assemblages
in the contiguous United States. These tree assemblages provide an ideal system for such an
empirical study, as over 150,000 forest inventory plots have been sampled in a standardised way
by the U.S. National Forest Service, and existing time-calibrated phylogenies encompass nearly
all species present in the plots. We use this large dataset to (1) quantify the ALD using different
taxonomic and phylogenetic metrics; (2) assess the relationship of different metrics with each other
and with the number of lineages at different evolutionary depths; and (3) map variation in ALD
across the contiguous United States. To give context to our results, we conduct a clustering analysis of
assemblages based on their shared evolutionary history, thereby determining the main evolutionary
groups of tree assemblages in the contiguous United States.

2. Materials and Methods

2.1. Data Sources

We accessed compositional data from 177,549 plots sampled across the contiguous United States
by the Forest Inventory and Analysis (FIA) Program of the U.S. Forest Service [20], via the BIEN
package [21] for the R Statistical Environment [22]. The FIA protocol records trees >12.7 cm diameter
at breast (dbh) in four 168.3 m? subplots that are 36.6 m apart. The main evident spatial data gaps in
this dataset are the state of Louisiana and the eastern part of the state of Kentucky.
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In order to obtain a phylogeny that covered all species in the FIA tree plot inventory dataset,
we combined the temporally calibrated ultrametric phylogenies for North American gymnosperm
and angiosperm trees from Ma et al. (2016) [23] (see Figure 2). We set the age of the split between
angiosperms and gymnosperms at 350 Ma [24]. After resolving synonyms according to The Plant List
(2013), version 1.1 (http:/ /www.theplantlist.org/, accessed in December 2018), we manually added
the tree species present in the FIA dataset, but absent in the phylogeny. Their exact placement was
based on consultations of the systematics literature (see Table S1 for species added and associated
literature reference), with the added taxon being placed halfway along the branch leading to its sister
species or clade in the phylogeny. The branch length leading to the added taxon was set to a value such
that the tree remained ultrametric. The phylogeny file used in this study is available in Appendix B.

B--mmmmmmmmmmmmm e

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
Eudicots|
1
agnoliids 1
1 & N 1
] "N i
Angiosperms ! !
| =
: N L
1IMonocots P
1l
: Pinaceae :
1 1
0 1
| 1
Gymnosperms : :
! Epreﬂfﬂ,—
. T
! Taxaceae!
300 200 100 0

Millions of Years Before Present

Figure 2. Phylogeny of all tree species present in the contiguous United States in the US Forest
Inventory and Analysis (FIA) dataset, based on the phylogenies for gymnosperms and angiosperms in
Ma et al. (2016).

2.2. Assemblage Lineage Diversity (ALD) Metrics

2.2.1. Taxonomic Measures

In the absence of phylogenetic data, the number of supraspecific lineages in assemblages can be
calculated as the number of taxa of a higher taxonomic rank. Classification systems are consistent
across angiosperms and gymnosperms up to the order level, and we therefore tabulated the following
taxonomic measures of lineage diversity for assemblages: number of genera, number of families and
number of orders. The taxonomy table is available in Appendix C.

2.2.2. Phylogenetic Measures

Since the advent of molecular phylogenetics, diverse metrics have been developed and
implemented to quantify the lineage, or evolutionary, diversity of assemblages from phylogenies
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(e.g., References [25-27]). We focus here on metrics that aim to quantify the ‘richness dimension of
phylogenetic diversity” [28], as our interest is in ‘how much’ lineage diversity is in assemblages, not
how diverged lineages are from each other (e.g., as quantified by mean pairwise phylogenetic distance)
or how evenly lineages are represented (e.g., as quantified by phylogenetic species evenness; [29]).
In addition, conservation prioritisation is generally based on which species are present, not their
relative abundance (which could reflect disturbance histories or other idiosyncratic processes), and we
therefore focus on presence/absence metrics. This also increases the general utility of our approach,
as abundance information is not available for many datasets.

We started by calculating the most basic metric of ALD, phylogenetic diversity, or PD [19],
which is the sum of all branch lengths in each assemblage, including the branch that goes to the root
of all seed plants. We also include its estimate standardised for variation in species richness. This is
accomplished by calculating the first two moments of the null expectation for PD, given the number
of species in the assemblage, and using them to calculate a standardised effect size. The moments of
the null distribution can be calculated by randomly shuffling the tips of the phylogeny many times,
but there is an analytical expectation for these moments, which is the approach we used [30]. We refer
to this metric as the standardised phylogenetic diversity, or sPD.

We also calculated two additional proposed measures of the richness dimension of phylogenetic
diversity, the phylogenetic species richness, or PSR [29] and the sum of evolutionary distinctiveness,
or sumED [31]. PSR can essentially be considered a measure of species richness that takes into account
the phylogenetic relatedness of taxa in an assemblage. If the assemblage is composed entirely of
closely related species, this will produce a lower value of PSR than if the assemblage were composed
of distantly related taxa. In practice, this measure is obtained by multiplying the mean pairwise
phylogenetic distance between species in an assemblage by its species richness (and dividing by two,
so that it represents distance to tips from the most recent common ancestor for each pair of species).
For sumED, we first calculated the evolutionary distinctiveness of each species in our dataset, based on
the entire phylogeny representing all species, following the fair proportions approach of Isaac et al.,
(2007) [32]. This is essentially a measure of how phylogenetically isolated each species is, relative to
the given phylogeny. We then summed the evolutionary distinctiveness values for the species in each
assemblage, following Safi et al., (2013) [31].

As our overarching goal in this study was to quantify ALD over the full evolutionary time of
the clade of study (here, seed plants), we developed an additional metric that may better capture
this, which we term time integrated lineage diversity, or TILD. If one constructs a lineage through
time (LTT) plot for each assemblage (sensu Yguel et al., 2016) [18], one can simply integrate the
area under this curve as a measure of the total lineage diversity of the assemblage over time. This
integral is mathematically identical to the phylogenetic diversity of the assemblage, when including
the root branch. However, in considering an LTT plot built from extant species, as LTT plots for
extant assemblages are, they necessarily monotonically increase towards the present and under a
constant diversification rate, this increase is exponential. The integral therefore is necessarily weighted
towards the number of lineages in recent evolutionary time compared to the number of lineages in
deeper evolutionary time. In order to downweight the number of recent lineages when calculating
TILD, we log-transformed the y-axis (i.e., the number of lineages at each point in time) prior to taking
the integral.

2.3. Statistical Analyses

As the individual FIA plots are quite small in scale, we combined all plots within 0.2° grid cells
prior to calculating ALD metrics (n = 13,207 grid cells). In order to determine the main evolutionary
groups of tree assemblages across grid cells, we used k-means clustering of assemblages based on
their shared phylogenetic branch length, as quantified by the Phylosorensen Index [33]. An elbow
analysis suggested that 14 groups was a parsimonious number that minimised within group variation
in phylogenetic composition (Figure S1). Preliminary analyses of the distribution of these groups over
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geographic and climatic space showed that several pairs of groups overlapped both in geographic
location and climatic environment. These pairs of groups were combined to give nine total evolutionary
groups that were geographically and climatically cohesive. A silhouette analysis [34] was then run
for these nine evolutionary groups in order to determine if any individual sites were closer in their
evolutionary composition to the medoid value of another group than the group to which they were
originally assigned (as measured by the Phylosorensen Index). If such was found, these sites were
then reassigned to the group to which they were more similar in evolutionary composition.

In order to visualise the compositional relationships of these different groups, we ordinated
assemblages based on the presence versus absence of evolutionary lineages, as quantified by the
occurrence of individual nodes in the phylogeny in each assemblage. We specifically used the
evolutionary principal component analysis developed by Pavoine (2016) [35], with the occurrence
data Hellinger transformed prior to ordination [36]. This approach also allows identification of
the evolutionary lineages that are associated with different components of the ordination space.
We determined the lineages that are most strongly correlated with the first two principal components.
In order to further characterise the composition of the evolutionary groups, we conducted a
standard indicator analysis to determine the species most strongly associated with each group [37].
Lastly, to further characterise the evolutionary groups, we mapped where they occur in geographic
and climatic space. In order to better visualise how the groups occupy geographic and climatic
space, we generated 95% kernel density estimates [38] of the distribution of each group over two
climatic dimensions, mean annual temperature and precipitation, and two geographic dimensions,
elevation and latitude.

There is wide variation in the number of individual trees sampled across the combined plots
in each grid cell (887 £ 1204 inds, mean =+ s.d.; range 2-17,307 inds), and all of the ALD metrics
that we calculated, except sPD, were positively correlated with the number of individuals sampled
(Pearson’s r = 0.60—0.76). In order to obtain comparable estimates of ALD, we rarefied grid cells to the
same number of individuals. While rarefaction can be problematic because it excludes assemblages
from analysis below the abundance threshold used and introduces heteroscedasticity in the diversity
estimate that is related to the number of individuals sampled [39], we do not know of any estimates of
the richness dimension of ALD or phylogenetic diversity that are robust to variation in sample size
(in terms of number of individuals sampled). While Rao’s quadratic entropy has been proposed as an
estimate of phylogenetic diversity that is robust to variation in sample size, it measures the divergence
dimension of phylogenetic diversity, not the richness dimension [28], and was therefore not of interest
to us here.

In order to determine the number of individuals to select in rarefactions, we first selected the subset
of assemblages that have at least 1000 individuals (3660 grid cell assemblages). We estimated the species
richness of these assemblages when rarefied to 1000 individuals (i.e., expected number of species per
1000 stems). We then rarefied these assemblages to smaller numbers of individuals, and observed
how the richness estimate for a smaller number of stems correlated with the richness estimate per
1000 stems. Once assemblages were rarefied to less than 50 stems, the correlation (pearson’s r) between
the two richness estimates dropped below 0.95. We therefore chose 50 individuals as the size for
rarefied assemblages. We repeated rarefactions 100 times, and calculated the average of each ALD
metric over these 100 rarefactions.

In order to assess the general behaviour of ALD metrics, we calculated the spearman’s rank
correlation (rho) between a given ALD metric and the number of lineages at different phylogenetic
depths (in intervals of 1 Myrs between the present and the root of the seed plant phylogeny at 350 Ma).
We used spearman’s rank correlation because these relationships are not necessarily linear, and because
our goal is to evaluate if assemblages would be ranked similarly, e.g., for conservation prioritisation,
if counting the number of lineages at a particular time slice vs. using a given ALD metric. In order
to obtain an overall measure of the behaviour of a lineage diversity metric, we then obtained the
mean of the spearman’s rho values across all phylogenetic depths. All analyses were carried out in
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the R Statistical Environment [22] using functions in the ape [40], picante [41], vegan [42], cluster [43],
adiv [44] and PhyloMeasures [30] packages. The analysis script is available in Appendix A.

3. Results

Clustering analyses based on shared evolutionary history resulted in nine major evolutionary
groups of assemblages, which vary in their geographic (Figure 3), elevational and climatic distributions
(Figure 4). The west coast of the United States is dominated by a single group, but as one moves inland
there are four different evolutionary groups that are spatially mixed across much of the western United
States. They occupy relatively distinct regions of climatic space, and their spatial interdigitation likely
results from environmental variation generated by topographic heterogeneity. In contrast, the four
groups east of the Mississippi are clearly arranged in a latitudinal manner, reflecting the fact that
environmental gradients are more gradual in the eastern United States (Figure 3). These groups clearly
replace each other along a temperature gradient from colder to warmer sites (Figure 4B). There are two
groups in the centre of the United States, one of which is most predominant in Texas, but also extends
in a scattered distribution further north in the Great Plains and westwards into the southern Rockies.
The other central group is scattered through the more eastern, wetter portions of the Great Plains
and also in the Midwest, with its core extent in the northern Great Plains. More detailed comments
regarding the groups can be found in Table S2.
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Figure 3. Map of tree assemblages included in this study, coloured by evolutionary group following
a clustering analysis based on shared evolutionary history. Names for groups were chosen based on
their geographic and/or climatic characteristics. Each assemblage consists of all FIA plots within a 0.2°
by 0.2° grid cell.
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Figure 4. Distribution of nine main evolutionary groups of tree assemblages in the contiguous United
States across: (A) an ordination space based on shared evolutionary history, with the influence of the
key clades highlighted; (B) climatic space; and (C) elevation and latitude.

The majority of grid cell assemblages sampled at least 50 individuals (11,547 of 13,207 assemblages
or 87%), and were therefore included in calculations of assemblage lineage diversity (ALD).
We estimated ALD metrics for each assemblage, including constructing lineage through time (LTT)
plots for each to calculate the time integrated lineage diversity (TILD). We show a sample of these
LTT plots for each evolutionary group in Figure 5. There is clear variation across groups in when they
accumulate lineage diversity. The Northern Plains group is composed entirely of eudicot angiosperms,
and therefore most assemblages only have a single lineage (a log value of 0 on y-axis) until the eudicots
begin to diversify ~120 Ma. An entirely contrasting pattern can be found in assemblages of the Dry
West group, which have multiple lineages of gymnosperms, and thus have high lineage diversity deep
in time. However, these assemblages are relatively poor in angiosperms and so do not achieve the
same number of lineages in recent time periods as the Northern Plains group. The eastern groups have
the highest number of lineages in recent time slices and also tend to have high lineage diversity deep
in time, except for the Appalachian group which is relatively poor in gymnosperms.
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Figure 5. (Left) Lineage through time (LTT) plots for a sample of 500 assemblages from each
evolutionary group, with each coloured line representing the average values over 100 rarefactions
of the given assemblage to 50 individuals. Meanwhile, the thick black line gives the mean value at
each evolutionary depth across all assemblages for a given evolutionary group. (Right) The mean
number of lineages at each evolutionary depth across all assemblages in each group (thick black line
from left panel), arrayed on one plot for direct comparison. Note log2 transformation of y-axes and
that the number of lineages at the right-hand side of each graph represents the (mean) species richness
of the assemblage(s).

Except for standardised phylogenetic diversity (sPD), the different ALD metrics we calculated are
highly correlated with each other (Pearson’s r = 0.60—0.95; Figure 6) and with the number of species
in assemblages (Pearson’s r = 0.57—0.93; Figure 6). The correlation of species richness (SR) with the
number of lineages declines with increasing phylogenetic depth, dropping to very low values prior to
the radiation of the Eudicots at 120 Ma (Figure 7). The other taxonomic measures of ALD all show a
similar pattern to SR; i.e., none show a strong correlation with number of lineages prior to ~120 Ma.
Because of this, none of the taxonomic measures of lineage diversity show a mean correlation over all
evolutionary depths greater than 0.5 (Figure 7).

The phylogenetically-derived metrics of ALD vary in their pattern of correlation with number
of lineages over different evolutionary depths (Figure 7). Neither sPD or sum of evolutionary
distinctiveness (sumED) show high mean correlations (mean rho = 0.30 and 0.46 respectively), and these
two metrics show contrasting patterns over phylogenetic depth. sPD is more strongly correlated
with the number of lineages deep in evolutionary time, while sumED shows a pattern more similar
to taxonomic measures of lineage diversity. Time integrated lineage diversity (TILD) shows the
highest mean correlation with number of lineages across all phylogenetic depths (mean rho = 0.76),
but phylogenetic diversity (PD) and phylogenetic species richness (PSR) also showed relatively high
mean correlations (mean rho = 0.67 and 0.66 respectively). PD and PSR show stronger correlations
with the number of lineages in recent evolutionary time, while TILD shows stronger correlations with
the number of lineages in deeper evolutionary time (Figure 7). Given that other taxonomic measures of
ALD are strongly correlated with SR, that sPD and sumED show low mean correlations with number
of lineages across most phylogenetic depths and that PSR does not show a different pattern from PD,
with which it is highly correlated (r = 0.95; Figure 6), we focus below on patterns with respect to SR,
PD and TILD.
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Figure 7. Spearman’s rank correlations between different synthetic measures of assemblage lineage
diversity and the number of lineages at different phylogenetic depths. The mean value of spearman’s
rho across all depths (excluding t = 0 and 350) is given above each plot. The phylogenetic depth at
which the maximum correlation is found is marked with dashed lines going to the x and y-axes.

Species richness of assemblages, quantified as the number of species per 50 trees, shows clear
spatial patterns across the contiguous United States (Figure 8). Low values are generally observed
in the western half of the United States, while in the eastern half, low values are observed in Florida
and parts of the Northeast. Among the western groups, the highest SR is found in assemblages in the
Wet West group, while in the east, the highest values are in the Southeast group. PD shows similar
patterns to SR (Figure 8), although it gives higher values on average for the Northeast group than the
Appalachian group, while the opposite holds for SR. Also for PD, the Wet West group approaches
values observed in the eastern groups, while that is not the case for SR. The TILD metric shows patterns
that contrast with those for SR and PD (Figure 8). TILD gives higher values on average for the Southern
Plains group than the Northern Plains group, while PD finds the opposite relative ranking. TILD also
gives the Wet West group equal value to that for eastern groups. Within the east, TILD gives values for
the Coastal Plain group equal to that for the Northeast and Southeast groups, while it gives relatively
lower values for the Appalachian group. Overall, for most groups, PD shows a pattern for groups that

11



Forests 2019, 10, 520

is intermediate between that observed for SR and TILD. In analysing the deviation of TILD from the
expectation given PD (based on the residuals of a regression of TILD on the logarithm of PD), we see
that TILD gives higher values than expected for the Wet West, Dry West, Southern Plains and the
Coastal Plain, and lower values than expected for the Northern Plains and Appalachians (Figure 8,
bottom row).
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Figure 8. Left: Variation in species richness, phylogenetic diversity (PD), time integrated lineage
diversity (TILD) and the excess or deficit of TILD given PD for tree assemblages, separated by major
evolutionary group. The latter represent the residuals from a regression of TILD on the logarithm of
PD. Values for each assemblage represent the average across 100 rarefactions to 50 tree individuals.
Right: Maps of the same metrics, per assemblage, across the contiguous United States, with the colours
for the upper 95% quantile, median and lower 95% quantile for a given metric in the lower right-hand
corner of each map.

4. Discussion

Many different metrics could potentially be used to quantify the lineage diversity of organismal
assemblages. For tree assemblages across the contiguous United States, we find that two metrics,
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which can be derived from temporally calibrated phylogenies, show the greatest average correlation
with number of lineages over the full evolutionary history of seed plants, and thus seem best suited
to quantify assemblage lineage diversity (ALD). These are Faith’s phylogenetic diversity (PD) and
a metric that is newly derived here, time integrated lineage diversity (TILD). Other metrics derived
from molecular phylogenies either showed lower average correlations with number of lineages in
assemblages, or were strongly correlated with PD. Meanwhile, taxonomic metrics, including species
richness (SR), failed to correlate with the number of lineages deep in evolutionary time, specifically,
prior to the origin of the Eudicots. This is because the high number of species, genera, families and
orders of Eudicots in assemblages in the eastern United States drive the pattern of variation in
taxonomic metrics. If prioritisation schemes were to be based solely on SR, or other taxonomic
richness measures of ALD, the entire western half of the US would receive less conservation attention
than the eastern half. Yet, western US tree assemblages, dominated by older, relatively species-poor
gymnosperm lineages, can still represent substantial reservoirs of evolutionary history, as reflected in
TILD values comparable to the most lineage-diverse tree assemblages in the eastern US.

4.1. Taxonomic Measures of Lineage Diversity

In many studies [12,45], species richness has been found to be strongly correlated with
phylogenetic diversity (PD), and has therefore been suggested as a suitable proxy for ALD [46].
Our study suggests that, at least for tree assemblages in the contiguous US, this is not the case.
Higher-level taxonomic measures that we explored, specifically the numbers of genera, families and
orders in assemblages, do not perform much better. As expected, as higher taxonomic ranks are
used, strong correlations with number of lineages persist deeper into evolutionary time (compare
the x-intercept of highest correlation for different taxonomic ranks in Figure 7), but none of the
taxonomic measures provide a high correlation with number of lineages prior to ~120 Ma. This is
perhaps unsurprising as the majority of lineages deeper in evolutionary time are gymnosperms
(Figure 2), and all the gymnosperms in our dataset come from a single order, three families and
15 genera, while angiosperms dominate the variation in taxonomic measures of ALD with 18 orders,
35 families and 68 genera. Thus, for clades with highly imbalanced phylogenies, like seed plants,
taxonomic measures of lineage diversity are not likely to provide an adequate, synthetic measure
of ALD [47].

4.2. Phylogenetic Measures of Lineage Diversity

Time integrated lineage diversity (TILD) represents the area beneath a lineage through time plot
where the number of lineages per time slice has been log-transformed. TILD is mathematically related
to PD, which is identical to the area beneath a raw (i.e., non-log-transformed) lineage through time
plot. PD was originally conceived as a metric to aid conservation prioritisation [19], and it has always
been properly interpreted as a measure of the total evolutionary diversity in assemblages, which is
certainly worth quantifying. But, it is strongly skewed towards the number of lineages present in
recent evolutionary time, downweighting older evolutionary divergences. We suggest that researchers
may use PD to quantify ALD more recently in evolutionary time, and complementarily, TILD may
be more suitable to obtain a measure of ALD that gives equal weight to deeper evolutionary time as
recent evolutionary time. While phylogenetic species richness (PSR; [29]) is strongly correlated with
PD and could represent an alternative to it, we suggest researchers continue to use PD, because of
its historical precedence and because, as with TILD, it is directly interpretable in terms of numbers
of lineages.

For this dataset, the standardised phylogenetic diversity (sPD) correlates well with the number
of lineages deep in evolutionary time, but not with numbers of lineages in recent evolutionary time.
In fact, sPD is negatively correlated with numbers of lineages less than 70 million years old. We suggest
that sPD may better serve as a metric of phylogenetic community structure, which is interesting in
its own right [48], but that it should not be used as a measure of the richness dimension of lineage
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diversity in assemblages. In contrast to sPD, the sum of evolutionary distinctiveness in assemblages,
sumED, showed weaker correlations deeper in evolutionary time and stronger relationships in recent
evolutionary time (Figure 7). In fact, sumED showed a very similar pattern to taxonomic metrics of
lineage diversity (Figure 7), and of the phylogenetically-derived metrics in this study, it shows the
strongest correlation with taxonomic metrics (Figure 6). As a conservation prioritisation metric, sumED
has a clear intuitive value, since it represents the totality of phylogenetic diversity in a given assemblage
that is rare in the entire dataset, but values for assemblages will be sensitive to phylogenetic taxon
sampling in the overall dataset, even if a given assemblage itself is fully phylogenetically sampled
(see Isaac et al., (2007) [32] for full explanation of how ED is derived for each species). Conversely,
PD and TILD will only vary based on sampling within quantified assemblages, and are therefore more
straightforward to apply.

4.3. Tree Diversity Patterns across the Contiguous United States

Consistent with previous assessments [49,50], the most evident spatial contrast in the species
richness pattern is between the eastern and western United States. To a very coarse approximation,
this reflects the dominance of gymnosperms in the western United States, the dominance of
angiosperms in the eastern United States, and the fact that angiosperms are a much more diverse
clade than gymnosperms (even when focusing only on trees). Previous studies have identified the
high plateau south of the Appalachian Mountains [49], and the Florida panhandle, Alabama/Georgia
border region [50], as areas of maximal tree species richness in the United States. In contrast we found
the highest tree species richness in a region centred on Kentucky and Tennessee. This contrast in
results could be due to the different spatial grain size of analysis, our use of plot data rather than
overlap in range maps or the fact that we only include taxa larger than 12.7 cm dbh and thus exclude
small tree taxa. The forest region centred on Kentucky and Tennessee corresponds to the mixed
mesophytic forest region [51]. The first part of the name reflects that there are no particularly dominant
tree species in the region and most forest stands have a mix of dominant species. Braun (1950) [51]
recognised the exceptional tree species richness of this region and characterised it as “the association
of the Deciduous Forest which occupies the area of optimum moisture and temperature conditions of
North America” (p. 42). Indeed, moisture stress for plants is lower in this region of the US compared
to regions southeast of the Appalachians or the entire western US, while temperatures do not reach the
extreme lows that occur in the northern parts of the contiguous US. Meanwhile, as the second part of
the name, mesophytic, implies, the forests in this area are also found on more fertile soils compared to
other forests in the US. Thus, the high alpha diversity of tree assemblages in this region may reflect an
environment that is the most benign for the majority of tree species occurring in the contiguous United
States. This is similar to the pattern found in another large biogeographic region, the Amazon, where
the most species-rich tree assemblages are found in the western Amazon, which has relatively fertile
soils and is subject to less moisture stress than the southern or eastern Amazon [12].

The spatial patterns of PD and TILD for tree assemblages show several evident contrasts with the
spatial pattern of tree species richness (SR). In general, the western US shows almost uniformly low
values of SR, at least in comparison to the eastern US, but the PD and TILD metrics show much greater
variation. In particular, the TILD metric shows values for assemblages in the Wet West group that are
comparable to values for assemblages in the eastern United States. One evident hotspot of lineage
diversity in the west is the temperate rain forest region of the Pacific northwest, with high PD and
TILD values. This temperate rain forest region includes the ‘Miracle Mile” in the Klamath mountains
of northern California which holds 18 species of conifers [52], albeit not that many occur in any of the
assemblages derived from FIA plots. PD and TILD plummet as one crosses eastward over the Cascade
mountain range or the Sierra Nevada mountain range. Presumably the arid conditions on the eastern
side of these mountain ranges limit tree lineage diversity. Though species richness minima to the east
of the Sierra Nevada (as well as the Rocky Mountains) have previously been noted [49], this contrast
across mountain ranges is most evident when considering PD, and particularly TILD. Other regions
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of notable ALD in the western US include scattered areas in the southern Rocky Mountains and
northern Idaho.

In the eastern United States, the spatial pattern of PD, and particularly TILD, also contrasts with
that of species richness, although there are areas that are high for all three of these diversity measures
(e.g., much of the Southeast). The most north-eastern state in the contiguous US (Maine) as well
as the area around the Great Lakes emerge as regions of high PD and TILD, which is presumably
due to the increasing prevalence of conifers in the far north and their deep evolutionary heritage.
Meanwhile, the mixed mesophytic forest region that has the highest tree species richness values does
not show the highest PD and TILD values. Higher PD and TILD are found to the south and east of
the mixed mesophytic forest region. The south-eastern United States was highlighted as a region of
high angiosperm tree PD in a previous study based on range maps [23], and our results show this is
consistent when using inventory data, and when incorporating gymnosperms into the quantification
of overall seed plant PD.

The Coastal Plain and Southern Plains groups are both notable in showing substantially higher
TILD than SR values relative to other groups, which may be due to the incursion of tropical angiosperm
lineages into these southern areas. For example, the Coastal Plain group is home to Sabal species
[Arecaeae], Persea borbonia [Lauraceae], Annona glabra [Annonaceae], among other species, which
belong to old, largely tropical families. Indeed, the average age of angiosperm families in the coastal
plain is higher than anywhere else in the contiguous US [53]. Meanwhile, the Southern Plains group
has among the lowest values for SR, but shows intermediate values for TILD, and includes represents
of tropical dry region genera such as Prosopis and Vachellia (Fabaceae), which do not occur elsewhere
in the contiguous United States.

5. Conclusions

Our study has explored the concept of lineage diversity, and how it might be quantified, for tree
assemblages across the contiguous United States. We have shown how temporally calibrated molecular
phylogenies can be used to quantify assemblage lineage diversity (ALD) and aid conservation
prioritisation [19]. As might be expected, metrics derived from a molecular phylogeny showed stronger
correlations than taxonomic metrics with the numbers of lineages over the evolutionary history of the
focal clade (seed plants). As for specific recommended metrics, we suggest that phylogenetic diversity
(PD) and time integrated lineage diversity (TILD) metrics both be used. PD has precedence in the
literature and is useful for comparison with previous studies. We do stress however that PD is skewed
towards the number of lineages in recent evolutionary time, while the newly-derived TILD metric is
shown to better represent the entire evolutionary history of the clade of interest, and should therefore
also be used.

We employed an empirical dataset on tree assemblages of the contiguous United States to explore
these different metrics of ALD. We found that the spatial patterns of PD and TILD differ in important
ways from the spatial patterns of species richness, for example by highlighting the high conservation
value of temperate rainforests in the Pacific Northwest. PD and TILD also give somewhat contrasting
results, with the former giving relatively higher values for tree assemblages in the northern Great
Plains, Midwest and high elevation areas of the Appalachians, and the latter giving relatively higher
values for some dry areas in the western US and the southeast Coastal Plain. However, it would be
naive to suggest that conservationists in the United States are unaware of the high conservation value of
these different forests. Indeed, the tree flora of the United States is likely well enough known, such that
good awareness already exists regarding which areas have particularly high or low conservation value
with respect to tree species composition and lineage diversity. Where these metrics may be particularly
useful is in less well known floras, such as in many tropical biogeographic regions. There has been one
study of variation in lineage diversity across ~300 sites in the rain forests of the Amazon basin [12],
but we know of no such similar study outside of tropical moist forest, or in other tropical regions.

15



Forests 2019, 10, 520

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1999-4907/10/6/520/s1,
Table S1: Species added to the molecular phylogeny, Table S2: Descriptions of the major evolutionary groups in
the tree flora of the contiguous United States, Figure S1: Clustering validation (Elbow plot).

Author Contributions: K.G.D. and R.A.S. conceived the manuscript and led analyses. A.R.G. contributed to
analyses. All authors contributed to writing.

Funding: This research received no external funding.

Acknowledgments: We thank two anonymous reviewers for their thorough and insightful reviews, which greatly
improved the quality of the manuscript. K.G.D. was supported by a Leverhulme International Academic
Fellowship during the time this research was completed. R.A.S. is supported by Newton International Fellowship
from The Royal Society, Conicyt PECHA /Postdoctorado Becas Chile/2017 N° 3140189 and CONICYT PIA APOYO
CCTE AFB170008. A.R.G. is supported by a NERC studentship (NE/L002558/1).

Conflicts of Interest: The authors have no conflicts of interest to report.

Appendix A

R Codes to execute analyses.

Appendix B

Combined molecular phylogeny derived from combining the angiosperm and gymnosperm

phylogenies in Ma et al., 2016, with the addition of unsampled species.

Appendix C

Taxonomy table used to determine taxonomic richness of tree assemblages.

References

1.

10.

De Queiroz, K. The general lineage concept of species, species criteria, and the process of speciation.
In Endless Forms: Species and Speciation; Howard, D.J., Berlocher, S., Eds.; Oxford University Press: New York,
NY, USA, 1998; pp. 57-75.

Winter, M.; Devictor, V.; Schweiger, O. Phylogenetic diversity and nature conservation: Where are we?
Trends Ecol. Evol. 2013, 28, 199-204. [CrossRef] [PubMed]

Geeta, R.; Lohmann, L.G.; Magallén, S.; Faith, D.P.; Hendry, A.; Crandall, K.; De Meester, L.; Webb, C.;
Prieur-Richard, A.H.; Mimura, M.; et al. Biodiversity only makes sense in the light of evolution. J. Biosci.
2014, 39, 333-337. [CrossRef] [PubMed]

Forest, F.; Crandall, K.A.; Chase, M.W.; Faith, D.P. Phylogeny, extinction and conservation: Embracing
uncertainties in a time of urgency. Philos. Trans. R. Soc. B 2015, 370, 20140002.10.1098 /rstb.2014.0002.
[CrossRef] [PubMed]

Kozak, K.H.; Blaine, R.A.; Larson, A. Gene lineages and eastern North American palaeodrainage basins:
Phylogeography and speciation in salamanders of the Eurycea bislineata species complex. Mol. Ecol. 2006,
15,191-207. [CrossRef] [PubMed]

Oliver, P; Keogh, ].S.; Moritz, C. New approaches to cataloguing and understanding evolutionary diversity:
A perspective from Australian herpetology. Aust. ]. Zool. 2015, 62, 417-430. [CrossRef]

Milidn-Garcia, Y.; Jensen, E.L.; Madsen, J.; Alvarez Alonso, S.; Serrano Rodriguez, A.; Espinosa Lépez, G.;
Russello, M.A. Founded: Genetic Reconstruction of Lineage Diversity and Kinship Informs Ex situ
Conservation of Cuban Amazon Parrots (Amazona leucocephala). ]. Hered. 2015, 106, 573-579. [CrossRef]
[PubMed]

Becking, L.E.; de Leeuw, C.A.; Knegt, B.; Maas, D.L.; De Voogd, N.J.; Suyatna, I; Peijnenburg, K.T.
Highly divergent mussel lineages in isolated Indonesian marine lakes. Peer] 2016, 4, €2496. [CrossRef]
[PubMed]

Moritz, C.C.; Pratt, R.C.; Bank, S.; Bourke, G.; Bragg, ].G.; Doughty, P.; Keogh, ]J.S.; Laver, R].; Potter, S.;
Teasdale, L.C.; et al. Cryptic lineage diversity, body size divergence, and sympatry in a species complex of
Australian lizards (Gehyra). Evolution 2018, 72, 54-66. [CrossRef]

Linder, H.P; Eldenas, P.; Briggs, B.G. Contrasting patterns of radiation in African and Australian Restionaceae.
Evolution 2003, 57, 2688-2702. [CrossRef]

16



Forests 2019, 10, 520

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Jonsson, K.A_; Fabre, P.H.; Ricklefs, R.E.; Fjeldsa, ]. Major global radiation of corvoid birds originated in the
proto-Papuan archipelago. Proc. Natl. Acad. Sci. USA 2011, 108, 2328-2333. [CrossRef]

Honorio-Coronado, E.N.; Dexter, K.G.; Pennington, R.T.; Chave, J.; Lewis, S.L.; Alexiades, M.N.; Alvarez, E.;
Alves de Oliveira, A.; Amaral, L.L.; Araujo-Murakami, A.; et al. Phylogenetic diversity of Amazonian tree
communities. Divers. Distrib. 2015, 21, 1295-1307. [CrossRef]

Rezende, V.L.; Dexter, K.G.; Pennington, R.T.; Oliveira-Filho, A.T. Geographical variation in the evolutionary
diversity of tree communities across southern South America. J. Biogeogr. 2017, 44, 2365-2375. [CrossRef]
Law, C.J.; Slater, G.J.; Mehta, R.S. Lineage diversity and size disparity in Musteloidea: Testing patterns of
adaptive radiation using molecular and fossil-based methods. Syst. Biol. 2017, 67, 127-144. [CrossRef]
[PubMed]

Leslie, A.B.; Beaulieu, ]J.; Holman, G.; Campbell, C.S.; Mei, W.; Raubeson, L.R.; Mathews, S. An overview
of extant conifer evolution from the perspective of the fossil record. Am. ]. Bot. 2018, 105, 1531-1544.
[CrossRef] [PubMed]

Magallén, S.; Gomez-Acevedo, S.; Sanchez-Reyes, L.L.; Hernandez-Hernandez, T. A metacalibrated time-tree
documents the early rise of flowering plant phylogenetic diversity. New Phytol. 2015, 207, 437-453.
[CrossRef] [PubMed]

Raup, D.M.; Gould, S.J.; Schopf, T.J.; Simberloff, D.S. Stochastic models of phylogeny and the evolution of
diversity. J. Geol. 1973, 81, 525-542. [CrossRef]

Yguel, B,; Jactel, H.; Pearse, 1.S.; Moen, D.; Winter, M.; Hortal, J.; Helmus, M.R.; Kiihn, I.; Pavoine, S.;
Purschke, O.; et al. The evolutionary legacy of diversification predicts ecosystem function. Am. Nat. 2016,
188, 398-410. [CrossRef]

Faith, D.P. Conservation evaluation and phylogenetic diversity. Biol. Conserv. 1992, 61, 1-10. [CrossRef]
Burrill, E.; Wilson, A.; Turner, J.; Pugh, S.; Menlove, J.; Christiansen, G.; Conkling, B.; David, W. The Forest
Inventory and Analysis Database: Database Description and User Guide version 8.0 for Phase 2; U.S. Department
of Agriculture, Forest Service: Washington, DC, USA, 2018. Available online: www.fia.fs.fed.us/library/
database-documentation (accessed on 18 December 2018).

Maitner, B.S.; Boyle, B.; Casler, N.; Condit, R.; Donoghue, J.; Duran, S.M.; Guaderrama, D.; Hinchliff, C.E.;
Jorgensen, PM.; Kraft, N.J.; et al. The bien r package: A tool to access the Botanical Information and Ecology
Network (BIEN) database. Methods Ecol. Evol. 2018, 9, 373-379. [CrossRef]

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2018.

Ma, Z.; Sandel, B.; Svenning, ].C. Phylogenetic assemblage structure of North American trees is more strongly
shaped by glacial-interglacial climate variability in gymnosperms than in angiosperms. Ecol. Evol. 2016,
6,3092-3106. [CrossRef]

Harris, L.W.; Davies, T.J. A Complete Fossil-Calibrated Phylogeny of Seed Plant Families as a Tool for
Comparative Analyses: Testing the ‘Time for Speciation” Hypothesis. PLoS ONE 2016, 11, e0162907.
[CrossRef] [PubMed]

Nunn, C.L.; Altizer, S.; Sechrest, W.; Jones, K.E.; Barton, R.A.; Gittleman, J.L. Parasites and the evolutionary
diversification of primate clades. Am. Nat. 2004, 164, S90-S103. [CrossRef] [PubMed]

Mazel, F.; Guilhaumon, F.; Mouquet, N.; Devictor, V.; Gravel, D.; Renaud, J.; Cianciaruso, M.V.; Loyola, R.;
Diniz-Filho, ].A.F.; Mouillot, D.; et al. Multifaceted diversity—area relationships reveal global hotspots of
mammalian species, trait and lineage diversity. Glob. Ecol. Biogeogr. 2014, 23, 836-847. [CrossRef] [PubMed]
Blaimer, B.B.; Brady, S.G.; Schultz, T.R.; Fisher, B.L. Functional and phylogenetic approaches reveal the
evolution of diversity in a hyper diverse biota. Ecography 2015, 38, 901-912. [CrossRef]

Tucker, C.M.; Cadotte, M.W.; Carvalho, S.B.; Davies, T.].; Ferrier, S.; Fritz, S.A.; Grenyer, R.; Helmus, M.R.;
Jin, L.S.; Mooers, A.O.; et al. A guide to phylogenetic metrics for conservation, community ecology and
macroecology. Biol. Rev. 2017, 92, 698-715. [CrossRef] [PubMed]

Helmus, M.R.; Bland, TJ.; Williams, C.K.; Ives, A.R. Phylogenetic measures of biodiversity. Am. Nat. 2007,
169, E68-E83. [CrossRef]

Tsirogiannis, C.; Sandel, B. PhyloMeasures: A package for computing phylogenetic biodiversity measures
and their statistical moments. Ecography 2016, 39, 709-714. [CrossRef]

Safi, K.; Armour-Marshall, K.; Baillie, ].E.; Isaac, N.J. Global patterns of evolutionary distinct and globally
endangered amphibians and mammals. PLoS ONE 2013, 8, e63582. [CrossRef]

17



Forests 2019, 10, 520

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.
49.

50.

51.
52.

53.

Isaac, N.J.; Turvey, S.T.; Collen, B.; Waterman, C.; Baillie, ].E. Mammals on the EDGE: Conservation priorities
based on threat and phylogeny. PLoS ONE 2007, 2, 296. [CrossRef]

Bryant, J.A.; Lamanna, C.; Morlon, H.; Kerkhoff, A.]J.; Enquist, B.J.; Green, ].L. Microbes on mountainsides:
Contrasting elevational patterns of bacterial and plant diversity. Proc. Natl. Acad. Sci. USA 2008,
105, 11505-11511. [CrossRef]

Rousseeuw, PJ. Silhouettes: A graphical aid to the interpretation and validation of cluster analysis. J. Comput.
Appl. Math. 1987, 20, 53-65. [CrossRef]

Pavoine, S. A guide through a family of phylogenetic dissimilarity measures among sites. Oikos 2016,
125,1719-1732. [CrossRef]

Legendre, P; Gallagher, E.D. Ecologically meaningful transformations for ordination of species data.
Oecologia 2001, 129, 271-280. [CrossRef] [PubMed]

Dufréne, M.; Legendre, P. Species assemblages and indicator species: The need for a flexible asymmetrical
approach. Ecol. Monogr. 1997, 67, 345-366. [CrossRef]

Duong, T. ks: Kernel density estimation and kernel discriminant analysis for multivariate data in R.
J. Stat. Softw. 2007, 21, 1-16. [CrossRef]

McMurdie, PJ.; Holmes, S. Waste Not, Want Not: Why Rarefying Microbiome Data Is Inadmissible.
PLoS Comput. Biol. 2014, 10, 1-12. [CrossRef] [PubMed]

Paradis, E.; Claude, J.; Strimmer, K. APE: Analyses of phylogenetics and evolution in R language.
Bioinformatics 2004, 20, 289-290. [CrossRef]

Kembel, S.W.; Cowan, P.D.; Helmus, M.R,; Cornwell, WK.; Morlon, H.; Ackerly, D.D.; Blomberg, S.P;
Webb, C.O. Picante: R tools for integrating phylogenies and ecology. Bioinformatics 2010, 26, 1463-1464.
[CrossRef]

Oksanen, J.; Blanchet, F.G.; Kindt, R.; Legendre, P.; Minchin, P.R.; O’hara, R.; Simpson, G.L.; Solymos, P.;
Stevens, M.H.H.; Wagner, H.; et al. Package ‘Vegan’: Community Ecollogy Package. 2018. Available online:
https:/ /cran.r-project.org/web /packages/vegan/index.html (accessed on 22 June 2019).

Maechler, M.; Rousseeuw, P; Struyf, A.; Hubert, M.; Hornik, K. Package ‘cluster’. 2018. Available online:
https:/ /cran.r-project.org/web/packages/cluster/index.html (accessed on 22 June 2019).

Pavoine, S. Package adiv: Analysis of diversity. 2018. Available online: https:/ /cran.r-project.org/web/
packages/adiv/index.html (accessed on 22 June 2019).

Forest, F; Grenyer, R.; Rouget, M.; Davies, T.; Cowling, R.; Faith, D.; Balmford, A.; Manning, J.; Proches, S.;
van der Bank, M. Preserving the evolutionary potential of floras in biodiversity hotspots. Nature 2007,
445,757-760. [CrossRef]

Rapacciuolo, G.; Graham, C.H.; Marin, J.; Behm, J.E.; Costa, G.C.; Hedges, S.B.; Helmus, M.R.; Radeloff, V.C.;
Young, B.E.; Brooks, T.M. Species diversity as a surrogate for conservation of phylogenetic and functional
diversity in terrestrial vertebrates across the Americas. Nat. Ecol. Evol. 2018, 3, 1. [CrossRef]

Miller, J.T.; Jolley-Rogers, G.; Mishler, B.D.; Thornhill, A.H. Phylogenetic diversity is a better measure of
biodiversity than taxon counting. J. Syst. Evol. 2018, 56, 663—-667. [CrossRef]

Webb, C. Phylogenies and community ecology. Annu. Rev. Ecol. Evol. S 2002, 33, 475-505. [CrossRef]
Currie, D.J.; Paquin, V. Large-scale biogeographical patterns of species richness of trees. Nature 1987,
329, 326-327. [CrossRef]

Jenkins, C.N.; Van Houtan, K.S.; Pimm, S.L.; Sexton, J.O. US protected lands mismatch biodiversity priorities.
Proc. Natl. Acad. Sci. USA 2015, 112, 5081-5086. [CrossRef] [PubMed]

Braun, E.L. Deciduous Forests of Eastern North America. Soil Sci. 1950, 71, 259-279. [CrossRef]

DeSiervo, M.H.; Jules, E.S.; Kauffmann, M.E.; Bost, D.S.; Butz, R]. Revisting john sawyer and dale
thornburgh’s 1969 vegetation plots in the russian wilderness: A legacy continued. Fremontia 2016, 44, 20.
Hawkins, B.A.; Rueda, M.; Rangel, T.E; Field, R.; Diniz-Filho, J].A.F. Community phylogenetics at the
biogeographical scale: cold tolerance, niche conservatism and the structure of North American forests.
J. Biogeogr. 2014, 41, 23-38. [CrossRef]

® (© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses /by /4.0/).

18



'™ forests M

Article

Climatic Change Can Influence Species Diversity
Patterns and Potential Habitats of Salicaceae Plants
in China

Wenging Li !, Mingming Shi !, Yuan Huang 2, Kaiyun Chen !, Hang Sun ! and Jiahui Chen -*

1 CAS Key Laboratory for Plant Diversity and Biogeography of East Asia, Kunming Institute of Botany,

Chinese Academy of Sciences, Kunming 650201, Yunnan, China; liwenging@mail kib.ac.cn (W.L.);
shimingming@mail kib.ac.cn (M.S.); chenkaiyun@mail.kib.ac.cn (K.C.); sunhang@mail kib.ac.cn (H.S.)
School of Life Sciences, Yunnan Normal University, Kunming 650092, Yunnan, China;
huangyuan@mail.kib.ac.cn

*  Correspondence: chenjh@mail kib.ac.cn

Received: 18 January 2019; Accepted: 25 February 2019; Published: 1 March 2019

Abstract: Salicaceae is a family of temperate woody plants in the Northern Hemisphere that are
highly valued, both ecologically and economically. China contains the highest species diversity of
these plants. Despite their widespread human use, how the species diversity patterns of Salicaceae
plants formed remains mostly unknown, and these may be significantly affected by global climate
warming. Using past, present, and future environmental data and 2673 georeferenced specimen
records, we first simulated the dynamic changes in suitable habitats and population structures of
Salicaceae. Based on this, we next identified those areas at high risk of habitat loss and population
declines under different climate change scenarios/years. We also mapped the patterns of species
diversity by constructing niche models for 215 Salicaceae species, and assessed the driving factors
affecting their current diversity patterns. The niche models showed Salicaceae family underwent
extensive population expansion during the Last Inter Glacial period but retreated to lower latitudes
during and since the period of the Last Glacial Maximum. Looking ahead, as climate warming
intensifies, suitable habitats will shift to higher latitudes and those at lower latitudes will become less
abundant. Finally, the western regions of China harbor the greatest endemism and species diversity
of Salicaceae, which are significantly influenced by annual precipitation and mean temperature,
ultraviolet-B (UV-B) radiation, and the anomaly of precipitation seasonality. From these results,
we infer water—energy dynamic equilibrium and historical climate change are both the main factors
likely regulating contemporary species diversity and distribution patterns. Nevertheless, this work
also suggests that other, possibly interacting, factors (ambient energy, disturbance history, soil
condition) influence the large-scale pattern of Salicaceae species diversity in China, making a simple
explanation for it unlikely. Because Southwest China likely served as a refuge for Salicaceae species
during the Last Glacial Maximum, it is a current hotspot for endemisms. Under predicted climate
change, Salicaceae plants may well face higher risks to their persistence in southwest China, so efforts
to support their in-situ conservation there are urgently needed.

Keywords: Climatic change; species diversity; potential habitats; China; Maxent; Salicaceae

1. Introduction

Understanding geographical variation in biological diversity and its underlying mechanisms
has re-emerged as a research hotspot in ecology and biogeography [1-3]. With accelerating specimen
digitization and more high-resolution environmental data, biodiversity can now be gleaned from
online databases (e.g., Global Biodiversity Information Facility, GBIF). Over the last 20 years, such data
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has been instrumental for revealing species richness patterns and been used to test hypotheses about
its spatial dynamics, thereby advancing macroecology [4,5]. The formation of species richness patterns
is quite complicated, however. Many contentious hypotheses try to explain how their large-scale
patterning arises mechanistically, primarily through historical geological processes or contemporary
environments and their biophysical constraints [6-9]. The former view holds that regional differences
in current biodiversity mainly depend on sudden events in geological history, such as periodic variation
of glacial-interglacial periods [10,11], with historical climate change in particular having shaped species’
recent distributions and spatial patterns [12,13]. This would suggest the number of species found in a
region is the net result of species formation, extinction, migration, and dispersal rates over evolutionary
time. The other prominent view is that contemporary energy and water affect species richness by (1)
determining an ecosystem’s primary productivity, which shapes its food chain and drives other indirect
effects (i.e., “primary productivity hypothesis”), and (2) by the extent to which an organism'’s tolerance
to one or more environmental factors determines its species distribution (i.e., “physiological tolerance
hypothesis”) [14,15]. Hence, the water—energy dynamics hypothesis presumes the environment influences
the allocation of abiotic resources (e.g., water, temperature, ultraviolet-B (UV-B) among different species
and that this is what primarily determines the distribution patterns of regional biodiversity [16]. Its basic
tenet is that water (annual precipitation typically) and energy (annual temperature and UV-B radiation)
together determine the large-scale patterns of species diversity [11,17].

Changes in climate could also influence species distribution, community composition, and
ecosystem structure [18-20]. Global climate change is no longer a matter of debate, although many
scientists may not agree on the exact predictions from different models [21], and resolving the
relationships between vegetation and climate dynamics is an outstanding critical issue of current
research [22,23]. By the end of 21st century, the average temperature on the planet will have risen by
0.3-4.5 °C [24], with the Arctic having undergone especially rapid warming over recent decades. Since
Salicaceae species are a key component of pan-Arctic vegetation, climate change will likely continue to
influence their species’ geographic distributions [25-27]. In this context, studying Salicaceae’s species
distribution and biodiversity patterns is invaluable for insight into environmental science, natural
resource management, and biodiversity conservation.

Members of the Salicaceae s. str. (hereinafter inclusive) family are the main woody plant
component of northern temperate forests, having considerable ecological and economic value in timber
and ornamental applications, and now serving as the most important woody bioenergy crop [28-30].
Salicaceae consists of the genera Populus and Salix. The species richness of Salicaceaa is unevenly
distributed, however: most of its species occur in the temperate zone of the Northern Hemisphere,
with East Asia and the mountains of southwest China especially rich in species diversity [28,29]. China
alone contains some 347 species (ca. 56% of Salicaceae)—the most of any country in the world—of
which 236 are endemic. Despite their widespread human use, how the current distribution patterns of
Salicaceae plants formed remains mostly unknown [31], and these may be significantly affected by
global climate warming [32].

Although the ecological niche modeling (ENM) [33] is now a common technique, our study’s
novelty lies in applying this ecological modeling to the family taxonomic rank as a whole, and to
single species as typically done. Importantly, we used ENM to simulate the potential distribution
of Salicaceae given the following key considerations: (1) The accuracy of distribution data is crucial
for robust niche modeling and will affect the simulation results. Generally, species’ distribution data
is likely biased by wrongly identified species, whereas the identification of organisms at the family
level is far less prone to such errors. Hence, the accuracy of family-level distribution data recorded
for specimens exceeds that of one specie. (2) Different species may have different ecological niches, yet
the Salicaceae is a typical temperate family belonging to pan-Arctic flora and most its member species
prefer humid environments. An important premise of ENM is that the ecological requirements and
distributions of species are in equilibrium [34]. Although Salicaceae plants are widely distributed in
China, their distribution also shows strong regularity, and they share a similar climatic niche on a larger
spatial scale [29]. (3) We integrated the distribution data of all extant species of Salicaceae in China,
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so the simulation results were able to fully capture and convey this family’s nationwide geographical
distribution patterns [35,36]. In summary, the above three considerations validate our use of ENM to
simulate the potential distribution of Salicaceae in China at different times (past, present, and future).
Here, we took advantage of a comprehensive georeferenced occurrence dataset of Salicaceae in
China coupled to high-resolution environmental data, to which we applied Maxent algorithms to
build species distribution models. We hypothesized that dry and cold climatic conditions during
the glacial period would have decreased the total suitable distribution area for Salicaceae plants and
that with more climatic warming in the future, suitable habitats in the present would also face the
risk of being lost. Based on these presumptions, we had three goals: (1) to project and quantify the
Salicaceae species’ changes in the extent of their potential suitable distribution under a variety of
past, present, and future climate scenarios/years; (2) to map the spatial patterns of species diversity
and endemism for Salicaceae members; (3) to determine which factors play key roles in shaping the
patterns of Salicaceae plant species richness, weighted endemism, and corrected-weighted endemism.

2. Materials and Methods

2.1. Spatial Data

Species distribution data relating to the occurrence of Salicaceae plants were extracted from China
National Specimen Information Infrastructure (NSII) (http:/ /www.nsii.org.cn/), the Chinese Virtual
Herbarium (CVH) (http://www.cvh.org.cn/), and the Global Biodiversity Information Facility (GBIF)
(https:/ /www.gbif.org/). All the species names were verified and rectified by using Taxonomic Name
Resolution Service (TNRS) and by taxonomic experts. We obtained 10,322 Salicaceae specimens in
total, of which 2107 were Populus and 8215 were Salix; the latter included specimens of 5 subgenera:
2848 of Chamaetia, 42 of Chosenia, 2120 of Salix, 61 of Triandra, and 3144 of Vetrix. However, because
most specimens we collected lacked information on their latitude and longitude, we georeferenced
these records based on their described location information. When collecting plant specimens, more
intensive sampling is typically carried out in one area or region over others [37], and this sampling bias
will skew the data representativeness for the species distributions vis-a-vis climate variables. To reduce
and correct this spatial bias, we applied a systematic sampling method [38] using a resolution of
1 x 1 km, due to the spatial error in georeferenced specimen records and to match the resolution of
environmental data (WorldClim). Our study region was divided into a grid of equally-sized square
areas of 1 km?, which ensures that each grid cell has only one distributed record. After filtering, 2673
uniquely located records remained (Table S1), each with an accurate location, were used to simulate
potential distributions of the Salicaceae family: 1025 Populus, 2306 Salix, 760 Chamaetia, 29 Chosenia,
1136 subgenus Salix, 43 Triandra, and 1114 Vetrix records. To obtain the species richness pattern for
Salicaceae, we simulated the potential distribution of each species. Species currently occupying less
than 5 grid cells were removed from our analyses [39,40]. A total of 6678 georeferenced specimen
records belonging to the 5 Salix subgenera representing 215 species (Table S2) were used for these niche
models. To avoid too much data stifling the model runs, the simulation results were resampled with a
spatial resolution of 20 x 20 km for analyzing the relationships between species diversity patterns and
environmental variables.

2.2. Environmental Parameters

The growth and distribution of Salicaceae species are susceptible to various interacting factors,
namely climate (e.g., temperature and precipitation), UV-B radiation, and soil [41-43]. For example,
UV-B radiation and temperature caused gender imbalance in Salicaceae plants, driving divergent
evolutionary trends in Populus and Salix genera and changes in their population numbers [44,45].
Hageer et al. [46] and Chen et al. [47] studies showed that in addition to climate variables, the effects
of soil variables should also be taken into account in the simulation of the potential distribution of
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species. Hence, for our modeling, we chose four types of environmental variables: climate, UV-B
radiation, soil, and topography.

Initially, 39 environmental variables were selected to build a species distribution model. These
consisted of elevation, 19 bioclimatic variables, 15 Food and Agriculture Organization (FAO) soil
variables, and 4 UV-B variables. Before any modeling, to avoid multicollinearity of variables—this
leads to over-fitted species distribution models, with the highly correlated variables affecting model
accuracy—we calculated Spearman’s rank correlation coefficients among them, selecting those
variables with rs-values < 0.75 for inclusion (Tables S3 and S4). This key filtering step resulted in 15
environmental variables in total used to predict the patterns of Salicaceae (5 bioclimatic, 1 topographic,
5 soil, and 4 UV-B factors; as listed in Table 1).

Table 1. Environmental variables used to predict the geographical distributions of Salicaceae plants.

Code Environment Variables Resolution Unit
Biol Annual mean temperature 30" °C x 10
Bio3 Isothermality (BIO2/BIO7) * 100 30" -
Bio7 Temperature annual range 30" °C x 10
Biol2 Annual precipitation 30" mm
Biol5 Precipitation seasonality (Coefficient of variation) 30" -
Elevation Elevation 30"

S-CE Cation exchange capacity (CEC) clay subsoil 30" -

T-BS Base saturation% topsoil 30" %

T-C Organic carbon pool topsoil 30" -

T-N Nitrogen % topsoil 30" %
Drain Soil drainage class 30" -
UV-B1 Annual mean UV-B 15 J/m?/day
UV-B2 Ultraviolet-B (UV-B) seasonality 15/ J/m?/day
UV-B3 Mean UV-B of lightest month 15 J/m?/day
UV-B4 Mean UV-B of lowest month 15/ J/m?/day

2.2.1. Current Environment Variables

Data on the 5 bioclimatic factors and elevation were obtained from the WorldClim website
(https:/ /www.worldclim.org/), while those for the 5 soil factors were obtained from the China Soil
Map Based Harmonized World Soil Database (v1.1) (http://westdc.westgis.ac.cn/). Data on the 4 UV-B
factors were taken from the glUV database (http://www.ufz.de/gluv/). All data were resampled to a
spatial resolution of 1 km?.

2.2.2. Historical and Future Climate Scenarios

The Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC)
shows that, over the past 100 years (1880-2012), the average annual temperature at the Earth’s surface
has increased by 0.85 °C, most of which (0.072 °C rise) has occurred in the last 60 years (1951-2012) [24].
The IPCC’s AR5 adopted a climate-coupled model of the international coupling model for phase 5
(CCMIP5) and discussed four representative greenhouse gas emission scenarios: RCP2.6, RCP4.5, RCP6.0,
and RCP8.5. RCP stands for “representative concentration pathway” (i.e., the typical concentration
trajectory); its assigned number conveys the amount of radiative forcing (RF, in W/m~?2) in 2100 relative
to its value in 1750. We selected the two most typical concentration trajectories, RCP4.5 and RCP8.5, since
they respectively represent an intermediate stable trajectory and a highly concentrated one.

Because climate change impact on ecological phenomena and processes has both occurred and is
ongoing, we selected six climatic scenarios: 2 in the past and 4 in the future (climatic scenarios/years).
The former were the Last Inter Glacial period (LIG, ~120,000-140,000 years) and the Last Glacial
Maximum (LGM, ~22,000 years ago), and latter were RCP4.5-2050 (averaged for the years 2041-2060
under scenario RCP4.5), RCP4.5-2070 (averaged for the years 2061-2080 under scenario RCP4.5),
RCP8.5-2050 (averaged for the years 2041-2060 under scenario RCP8.5), and RCP8.5-2070 (averaged
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for the years 2061-2080 under scenario RCP8.5). These past and future climate scenarios were adopted
following the BCC-CSM model, developed by the National Center for Atmospheric Research (NCAR),
from the WorldClim database (https://www.worldclim.org/). From it only 5 bioclimatic variables
(Biol, Bio3, Bio7, Bio12, and Bio15) under past and future scenarios are currently available for use in
the analyses, whereas these were lacking for the 10 environmental variables (i.e., Alt, S-CE, T-BS, T-C,
T-N, Drain, UVB1, UVB2, UVB3, and UVB4); hence, the latter did not change over time.

To better capture the changes in historical climate, we calculated the difference between temperature
and precipitation during the present and LGM (i.e., biol-anomaly = Biolpresent — Biolygm; Table 3).

2.3. Building the Species Distribution Model (SDM)

The species distribution model (SDM) is widely used to simulate the suitable distribution pattern
of species under climate change scenarios [48-50]. The maximum entropy (Maxent) model is a type
of machine-learning algorithm model. Specifically, its algorithm adopts the Maxent principle, of not
constraining any unknown distribution information yet also preserving the information constraint of
the distributed environment variable data, to predict scientifically the potential distribution of one
or more species. A logistically attractive feature of Maxent is that it can predict species” potential
distributions by their presence-only data and environmental variables. Compared with other SDMs,
the predictions of Maxent are better when the number of distribution points is uncertain and the
correlation between different climatic factors is unclear [51]. In recent years, SDMs using the maximum
entropy model have played a major contributing role to species diversity conservation in the future [52].

Using the environmental variables at present associated with the distribution points of Salicaceae
species, we constructed the model based on the maximum entropy theory to simulate this family’s
realized niche. Next, these simulated real ecological niches were projected to different times (i.e., past
or future) for calculation to build the model [53]. After modeling the current suitable habitat area
for Salicaceae with current climate data, we conducted modeling projections for past (i.e., LIG and
LGM) and future climatic scenarios (i.e., RCP4.5-2050, RCP4.5-2070, RCP8.5-2050, and RCP8.5-2070) to
predict their respective availability of suitable habitat. These SDM projections were made in Maxent
software. Based on the 15 environmental variables and our species distribution data, we built an SDM
model for the Salicaceae family for past, present, and future climate scenarios. For 215 species, we also
simulated the potential distribution of each by using the maximum entropy model in MaxEnt v3.3
software (http:/ /biodiversityinformatics.amnh.org/open_source/maxent/). Only those species with
at least 5 distribution records were used to establish the species distribution model, as anything less is
considered insufficient for model predictive ability [40]. MaxEnt was run with these rules: use only
linear features for SDM with distribution data of <5 records; add quadratic features when occurrence
records consisted of >5 and <15 records; add hinge features for >15 but <80 records; include product
and threshold features when species records exceeded 80 [54]. In China, Salicaceae species have rather
specific environmental niches and geographical distribution ranges; hence, we applied the clamping
function of Maxent. We calculated the contribution of each environmental variable via Jackknife testing
and the set cross-validation function, with logistic outputs. This operation was repeated 10 times,
with 75% of species occurrence records used for model training and the remainder (25%) for model
testing. To reduce model over-fitting to low levels, we set the regularized multiplier to a value of 2.00
and the number of background points to 10,000 [55]. Next, an ASCII grid layer was produced with
the largest obtained AUC (area under the receiver operating characteristic (ROC) curve). The ROC
curve was employed to test the model’s predictive accuracy by judging the AUC value (range of 0-1):
a prediction was perfect if its AUC value = 1. This rarely happens, yet when AUC > 0.7 the simulation
results are considered valid [56,57].

Next, the arithmetic results from MaxEnt were loaded into ArcGIS v10.2 to carry out a
fitness classification and visualization expression, which enabled us to generate the potential
distributions of Salicaceae plants. The source of the map was the National Catalogue Service for
Geographic Information (http:/ /www.webmap.cn/main.do?method=index). It was critical to choose
an appropriate probability threshold of species existence when converting the continuous suitability
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index maps to binary habitats. Extensive research has demonstrated that a “maximum training
sensitivity-plus-specificity” approach leads to highly accurate predictions and is thus superior to other
threshold division methods [58,59]. Therefore, to demarcate the habitat and non-habitat of Salicaceae
species, we used a “maximum training sensitivity-plus-specificity” threshold in our study.

2.4. Biodiversity Pattern Indices

We used three common biodiversity metrics—species richness, weighted endemism, and
corrected-weighted endemism—to quantify the species diversity patterns. Once the probability
threshold of species existence had been determined, the matrix of all presence/absence layers was
generated. Its rows represented the 26,137 grid cells covering China’s landmass while its columns
indicated the presence of the 215 Salicaceae species we modeled.

Species richness (SR) was defined as the sum of unique species occurring per cell. It is one of
the most commonly used indice in large-scale biodiversity conservation research, characterized by
its simplicity and intuition. Endemism is the limitation of a biological group unit (species, genus, or
family) to a particular geographical area. In this respect, it is of great value to understand the nature,
occurrence, and evolution of a regional flora. Weighted endemism (WE), the sum of the reciprocal total
number of cells each species in a grid cell is found in, emphasizes areas having a high proportion of
species with restricted ranges. Corrected-weighted endemism (CWE) is simply the weighted endemism
divided by the total number of species in a cell [60]. Hence, the CWE emphasizes areas that have a high
proportion of species with restricted ranges, yet these are not necessarily species-rich areas. Both the
WE and CWE can be used to reveal the distribution center of endemism phenomena. The spatial
distribution pattern of the WE value will depends largely on the species richness pattern. The CWE
fully embodies the spatial distribution characteristics of endemic species, but it lacks objectivity because
it uses thean artificial boundary. Therefore, these three indices complement each other. SR, WE, and
CWE were mapped in ArcGIS v10.2, and calculated as follows:

SR =K, (1)
WE=%1/C, (2)
CWE = WE/K, 3

where C is the number of grid cells in which each endemic species occurs, and K is the total number of
species in a grid cell.

2.5. Changes in Core Distribution Centers

To examine changing trends from the past to the future, we tested and compared the changes
in potential habitat area and distribution centers of the past, present, and future suitable areas by
using the SDM toolbox [61]. This tool calculates the distributional changes between two binary SDMs
(i.e., past vs. present SDMs), providing a table output depicting the predicted contraction, expansion,
and areas of no change in a given species distribution [62]. The tool was also used to reduce Salicaceae’
distributions to a centroid and to form a vector file to describe the changes in a centroid’s range
and direction.

2.6. Statistical Analysis

To explain the species diversity patterns of Salicaceae, we conducted variation partitioning
analysis. It is useful to explore the relative explanatory power of independent variables, especially
between two groups of environmental factors—i.e., contemporary environments vs. historical
climate change—in forming species diversity patterns. This explanatory power from environmental
variables amounted to 60.9% (Figure S2), so their selection should help to better explain biodiversity
patterns. Generalized linear models (GLM) were used to explore the relationships between the
species diversity indices and environmental variables. We built three models: (i) species richness and
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environmental variables model; (ii) weighted endemism and environmental variable model; and (iii)
corrected-weighted endemism model. However, spatial autocorrelation in species diversity patterns
might inflate Type I error rates [63]. To eliminate this influence on our significance testing, we used
modified the t test applied to all the models’ coefficients [64,65]. The geographical coordinate system
used for the central point of each grid cell was WGS1984. All statistical analyses were done in R v3.5.1
(http:/ /www.r-project.org/).

3. Results

3.1. Species Distribution Model and Its Accuracy

China was divided into 26,137 grid cells, with 2673 of them (10.22%) having exact geographic
coordinates. Models for the Salicaceae family with a cross-validation AUC close to 0.75 were considered
useful in our study. The training and testing of the AUC value for the 215 species models was
>0.8, which indicated these models were non-random and could be reliably used for modeling the
relationship between diversity patterns and environmental factors. Potential suitable habitat areas are
currently widely distributed in China’s subtropical and warm temperate zones, but occurred mainly
in its central and southwestern regions. Highly suitable areas were found in the Hengduan Mountains,
Daba Mountains, and Qinling Mountains (Figure 1).
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Figure 1. Present potential distribution pattern of Salicaceae plants in China, using the Albers projection.
The map was plotted in ArcGIS v10.2.

3.2. Changes in the Potential Range of Salicaceae

Compared with the LIG, the niche model predicted losses in current suitable habitat areas mainly
distributed in the middle temperate zone of northern China, namely Inner Mongolia, Heilongjiang,
Jilin, Xinjiang, Qinghai, and Gansu (Figure 2A). The projected area of reduction amounted to
139.72 x 10* km?, which accounts for 38.67% of the currently suitable area (Table 2). This range
contraction was mainly concentrated in high latitude areas. Conversely, the gains in suitable range
area totaled 62.79 x 10* km? (17.38% of the currently suitable area), mostly distributed in provinces of
Ningxia, Shaanxi, Gansu, Henan, and Hebei. Expansion occurred mainly in the mid-latitudes. Overall,
from the last glacial period to the present, we saw a wide range of contractions, with the total suitable
habitats reduced by ca. 76.92 x 10* km? (Figure 2A, Table 2). In contrast to the LIG, the suitable
habitats increased significantly—the total suitable habitat area increased by ca. 69.63 x 10* km?—from
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the LGM to the present (Figure 2B, Table 2). These gains amounted to 106.88 x 10* km?, or 29.58% of
the currently suitable area, and were concentrated in parts of Tibet, Sichuan, Qinghai, Gansu, Ningxia,
Inner Mongolia, Shannxi, Hebei, Liaoning, Beijing, Tianjin, Jilin, and Heilongjiang. Expansion in
habitats increased with increasing latitude. The predicted losses occurred mainly in the subtropics of
southern China, namely Guangxi, Guangdong, and Fujian, covering an area of ca. 37.25 x 10* km?
(10.31% of the currently suitable area; Figure 2B, Table 2).
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Figure 2. Spatial changes of Salicaceae plants in China under different combinations of climate
scenario/years (Albers projection). Comparisons between the species distribution model (SDM) for
Salicaceae in the present and (A) the SDM under the Last Inter Glacial (“lig”); (B) the SDM under the
Last Glacial Maximum (“Igm”); (C) the SDM under future climate scenario RCP4.5 in 2050; (D) the
SDM under future climate scenario RCP4.5 in 2070; (E) the SDM under future climate scenario RCP8.5 in
2050; (F) the SDM under future climate scenario RCP8.5 in 2070. The map was plotted in ArcGIS v10.2.
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Table 2. Dynamic changes in the suitable area for Salicaceae plants under different combination of
climate scenario/years.

Climate Area (x10% km?) Proportion of Area (%)
Scenario/Year " Contraction Expansion  Unchanged Total Contraction  Expansion = Unchanged Total
LIG? 139.72 62.79 298.40 —76.92 38.67 17.38 82.58 —21.29
LGM P 37.25 106.88 254.34 69.63 10.31 29.58 70.39 19.27
RCP4.5-2050 © 65.63 59.09 295.56 —6.54 18.16 16.35 81.80 —1.81
RCP4.5-2070 4 73.18 67.82 288.01 —5.36 20.25 18.77 79.71 —1.48
RCP8.5-2050 © 82.06 78.06 279.09 —4.00 22.71 21.60 77.24 —1.11
RCP8.5-2070 f 20.21 20.18 341.05 —0.04 5.59 5.58 94.39 —0.01

Negative values indicate contractions in suitable habitat area. Comparisons between the suitable area for Salicaceae
plants in the present and ? the suitable area under the Last Inter Glacial (“LIG”); ® the suitable area under the Last
Glacial Maximum (“LGM”); € the suitable area under future climate scenario RCP4.5 in 2050; 9 the suitable area
under future climate scenario RCP4.5 in 2070; © the suitable area under future climate scenario RCP8.5 in 2050; { the
suitable area under future climate scenario RCP8.5 in 2070.

Under all four future climate scenario/year combinations of RCP4.5-2050, RCP4.5-2070,
RCP8.5-2050, and RCP8.5-2070, the predicted area of suitable habitats shrunk (Table 2). The parts
of Salicaceae’s range with high risks of habitat loss were distributed in subtropical zones, including
southern and eastern regions of China, Jiangxi, Fujian, eastern Hunan, southwestern Yunnan, northern
Guangxi and Guangdong, southeast Hubei, the border of Chongging and Sichuan, the junction of
Anhui, Henan, Jiangsu, and Shandong, as well in limited regions of Hebei, Tianjin, and Beijing
(Figure 2C-F). The Maxent model predicted total losses of 20.21 x 10* km?~82.06 x 10* km?
(5.59%~22.71% of the currently suitable area; Table 2). These losses were mostly concentrated at
low elevation and the contraction generally increased at lower latitudes. Most of the predicted gains
in suitable habitat area were restricted to Salicaceae’s range in the north of China’s warm temperate
zone (Tibet, Sichuan, Qinghai, Inner Mongolia, Heilongjiang, and Jilin), which amounted to ca.
20.18 x 10* km2~78.06 x 10* km? (5.58%~21.60% of the currently suitable area; Table 2), all located in
high latitude regions. The total potential suitable habitat area decreased under the four future climatic
scenario/years, with contractions in Jiangxi, Fujian, and eastern Hunan most apparent (Figure 2C-F).

3.3. Core Distributional Shifts

The center of predicted suitable areas in the present was located in the Hubei province, with
geographical coordinates of 110.62 E and 32.79 N (Figure 3). The centroid of potential suitable habitats
in the LIG shifted to northern regions (111.11 E, 35.12 N) and high latitudes. By contrast, the centroid
in the LGM period shifted to southern regions and low latitude (110.28 E, 29.52 N). Under the future
climate scenario/years combinations, the center of potential suitable habitats was located at more
northerly areas with higher latitudes, except under RCP8.5-2070. Evidently, the distribution center of
Salicaceae plants is likely to shift to high latitudes from the LGM into the future (Figure 3).
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Figure 3. Core distributional shifts under different climate scenario/years for Salicaceae plants in China
(Albers projection). LIG, Last Inter Glacial; LGM, Last Glacial Maximum. RCP4.5-2050, future climate
scenario RCP4.5 in 2050. RCP4.5-2070, future climate scenario RCP4.5 in 2070. RCP8.5-2050, future
climate scenario RCP8.5 in 2050. RCP8.5-2070, future climate scenario RCP8.5 in 2070. The green, black,
purple, and blue dots respectively indicate the geometric centers of past (two glacial periods), current
and future (four scenarios) suitable areas, with the arrows depicting the magnitude and direction of
predicted change through time. The map was plotted using ArcGIS v10.2.

3.4. Relationships between Species Richness and Environmental Parameters

The pattern of Salicaceae species richness was obtained from 215 species potential distribution
model layers. Botanical species richness ranged from 0 to 115 in each grid cell in China, with an average
of 35 per cell. The southwest and central regions of China showed the highest Salicaceae species
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diversity, which included the eastern Tibet Plateau and the Hengduan Mountains, Qinling Mountains,
Daba Mountains, Dalou Mountains, Wumeng Mountains, Wulian Mountains, Longmen Mountains,
Daxue Mountains, Liupan Mountains, and Kunji Mountains. In short, high species diversity was
mainly concentrated in alpine areas. The northeast region of China ranked second in species diversity.
By contrast, species diversity of northwest China, south China, and the western Tibet Plateau were
relatively low (Figure 4).
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Figure 4. Species richness pattern of Salicaceae plants in China (using 20 x 20 km). The map was
plotted using ArcGIS v10.2.

The GLMs showed that the variables related to contemporary energy had stronger explanatory
ability than contemporary water availability, soil conditions, heterogeneity, and historical climate
change. Specifically, UV-B radiation was the strongest variable, as it explained 35% (p < 0.05). Species
richness decreased as UV-B factors and annual mean temperature increased, indicating that areas with
high species diversity are warm with low UV-B radiation. Elevation and anomaly of precipitation
seasonality both adversely affected species diversity patterning, while annual precipitation and
nitrogen content of the topsoil were positively associated with it. Those places featuring a climate
warmer and wetter than in the LGM tended to have more Salicaceae species than other regions
(Table 3).
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Table 3. Explanatory power (R?) of the environmental variables for Salicaceae species diversity
patterns evaluated by the generalized linear models (GLMs). Modified t-tests were used to examine
the significance.

SR WE CWE
Contemporary energy

Biol (°C) 5.26%(+) *** 3.73%(+) ** 1.00%(+)

Bio7 (°C) 5.85%(—) 9.94%(—) 6.53%(—)

Bio3 1.20%(+) 0.92%(+) 6.40%(+)
UVB1 (J m~2.day 1) 4.80%(—) ** 0.08%(—) *** 1.90%(—) ***

UVB2 (J m~2-day 1) 18.20(—) *** 8.75%(—) 1.20%(—)
UVB3 (J m~2-day ') 11.85%(—) *** 2.72%(—) *** 0.11%(—) **
UVB4 (] m~2-day 1) 0.03%(—) 2.33%(—) *** 6.8%(+) ***

Contemporary water availability

Biol2 (mm) 10.22%(+) ** 10.07%(+) ** 5.90%(+) ***

Biol5 2.04%(—) ** 2.21%(—) 3.81%(—)

Contemporary soil conditions

S-CE 9.71%(+) 3.74%(+) 0.01%(+)
T-N 4.25%(+) *** 8.01%(+) *** 11.06%(+) ***

Drain 0.12%(+) 0.21%(—) 0.02%(—)

T-BS 0.10%(+) 0.18%(+) 1.95%(+)

Heterogeneity
Elevation 6.59%(—) ** 1.31%(—) 0.04%(—) **
Historical climate change

Biol-Ano 0.18%(—) *** 0.45%(—) 0.05%(—)
Bio3-Ano 2.92%(+) ** 3.18%(+) *** 4.19%(+) **

Bio7-Ano 4.58%(—) ** 1.22%(—) 0.09%(—)
Biol2-Ano 13.17%(+) 6.30%(+) *** 1.33%(+) ***
Biol5-Ano 19.97%(—) ** 12.63%(—) *** 3.80%(—) ***

**p <0.05; ** p < 0.01; +, positive effects; —, negative effects. Refer to Table 1 for the abbreviations for environmental
variables. SR: species richness, WE: weighted endemism, CWE: Corrected-weighted endemism, Biol-Ano: Biol
anomaly, Bio3-Ano: Bio3 anomaly, Bio7-Ano: Bio7 anomaly, Bio12-Ano: Biol2 anomaly, Bio15-Ano: Biol5 anomaly.

3.5. Relationships between Weighted Endemism (WE), Corrected-Weighted Endemism (CWE), and
Environmental Factors

Plant-weighted endemism ranged from 0 to 0.0295 in each grid cell in China, with an average
value of 0.0068, and 1.61% of the total grids had more values >0.0200 (Figure 5A). Weighted-endemism
followed a similar pattern as did that found for species richness. The Himalayas, and the mountains of
Hengduan, Qinling, Daba, Longmen, Wumeng, Wulian, Yunling, and Kunji all featured high values of
weighted endemism. The corrected-weighted endemism ranged from 0 to 0.0004 (Figure 5B), with the
high values concentrated in northwest China, including the Himalayas and Hengduan Mountains.
The latter is where endemic species of Salicaceae had their ranges most narrowly distributed.

The GLMs showed that both historical climate change and contemporary water availability were
the main factors shaping the patterns of weighted endemism (Table 3). The anomalies of precipitation
seasonality and annual precipitation explained 22% of its variation. While nitrogen content of topsoil
and UV-B radiation also had significant positive effects on the corrected-weighted endemism pattern.
Elevation was a significant factor in the three types of pattern, but it showed weaker explanatory power
for the weighted endemism and corrected-weighted endemism patterns. The relationships between
nitrogen content of topsoil and patterns of weighted endemism and corrected-weighted endemism
were significant, showing strong positive correlations (Table 3).
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Figure 5. Patterns of weighted endemism (A) and corrected-weighted endemism (B) for Salicaceae

plants in China (Albers projection). The map was plotted using ArcGIS v10.2.
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4. Discussion

4.1. Changes in the Potential Range of Salicaceae in China

Using the georeferenced occurrence data of Salicaceae, our results showed that its predicted
potential distribution area covers most regions of China. The predicted results are consistent with
the actual distribution of Salicaceae plants in China, which features strong regularity and forms
part of the temperate deciduous forest community. The similarity of all the plant species—they are
deciduous, water demanding, and require a temperate bioclimate, to name a few key traits—and
the model’s effective prediction accuracy (>0.7) support the generalization of our results. Second,
by simulating Salicaceae species’ ranges and patterns in different periods we could infer their historical
and future population dynamics (Figure S1). Salicaceae may have experienced a significant and
extensive expansion from south to north during the Last Inter Glacial period (LIG). This strongly
suggests Salicaceae can track suitable niches during the glacial and interglacial cycles, in that its
distribution shifted southward in the glacial period but shifted back northward after the glacial
period. Salicaceae is a group of plants whose ecological amplitude is large and they can adapt
to many different ecological environments, from those ranging from high (~20 °C) to low (~3 °C)
temperatures, and from swamp to sand habitats [66,67]. The temperature (average: ~5 °C) and rainfall
(average: ~557 mm) in the LIG were within the tolerance levels of Salicaceae species. However,
with significant reductions in temperature and rainfall, the climate became drier and colder in the Last
Glacial Maximum (LGM) [68,69]. In response, because those areas with suitable habitat were generally
greatly reduced, Salicaceae’s distribution range retreated to areas low in elevation [70]. Therefore, from
these results we infer this plant family was able to spread rapidly in the glacial-interglacial cycle [11].
Most of its species (i.e., members of Salix subgenera Chamaetia and Vetrix, represent ca. 75% species of
Salicaceae) are Arctic-alpine taxa well adapted to cold and hostile environments [71]. Therefore, the
considerable northward expansion in China of the Salicaceae distribution area is both plausible and
reasonable. In sum, Quaternary climate change profoundly influenced the historical spatial population
dynamics of ancient Chinese Salicaceae species [72].

As the climate warms, extreme weather events are becoming more frequent and intense [73-75].
Climate research has made much progress in recent years, but most of it is based on qualitative rather
than quantitative analyses [76-79]. In our study, we conducted a detailed quantitative analysis of
the potential distribution of Salicaceae in the future. Nevertheless, simulation results are expected to
vary between different climate models [80,81]. Salicaceae are widely distributed, occurring in Africa,
Europe, Asia, South America, and North America from ca. 82° N to 52° S [82], but their habitats are
often fragmented. East Asia is the present distribution center of modern species of Salicaceae, and
China harbors the most species numerically.

Our modeling study predicted ca. 361.33 x 10* km? for Salicaceae species under the present
climate scenario with its core distributional area being Hubei Province, which is broadly within the
distribution area of extant Salicaceae. In our study’s projections, the centroid of suitable distribution
shifted northerly to higher latitude areas under the future climate scenarios, and this trend agrees with
other works [83-86]. Our results also show that if global warming becomes more intense, the suitable
range of Salicaceae faces the risk of reduction under the medium and high carbon dioxide emission
scenarios (RCP4.5 and RCP8.5), a result that is also in line with previous studies [79,87]. Species of
Salicaceae are, therefore, clearly vulnerable to climate change effects, with its range contractions mainly
concentrated at low latitudes [88-90]. Nevertheless, since the model involved all species of the family
these results are not applicable to endangered species or any other particular species. Earlier studies
by Bomhard et al. [91] and Midgley et al. [92] suggested that future climate change and land-use
transformations would have synergistic effects on species habitats, giving rise to unsuitable habitats
for their persistence. In this context, we found that Salicaceae species do display strong adaptability
under the present and future climate scenarios; however, some of the suitable range may become
unsuitable due to intense disturbance by human activities and land-use changes. For example, much

32



Forests 2019, 10, 220

of the suitable range for Salicaceae plants in China has been converted into farmland or construction
land [93]. Clearly, the effects from future land-use changes should also be taken into account in species
distribution models [94]. We suggest that local protection measures (Figure S3) can be adopted to
reduce anthropocentric-driven damage to suitable habitat. Meanwhile, we can also try to implement
ex situ protection projects, such as transplanting species from a threatened area to a site with non- or
less-degraded habitat, or by planting them in multiple botanical gardens.

4.2. Species Richness and Endemism Patterns of Salicaceae in China

Using the distributions of 215 Salicaceae species, we explored their large-scale variation in
species richness and endemism and the environment variables likely determining these patterns.
China is famous for its high species diversity; better documenting and understanding of its diversity
and endemic patterns will inform and strengthen biological conservation, by providing baselines for
biodiversity management and relevant policy-making. China’s southwest, lying south of the Hengduan
Mountains, is well known for its high suitability for and diversity of Salicaceae species (Figures 2,
4 and 5). Our variance partition analyses revealed pure effects of contemporary environments and
historical climate change that respectively accounted for 47.90% and 18.10% of the variance in Salicaceae
diversity patterns across China (Figure S2). Consistent with other research [14,95], our study showed
the climate exerts a important influence on Salicaceae species richness, weighted endemism, and
corrected-weighted endemism (Table 3 and Figure 2 and Figure S2). For all three, the most important
factor was the contemporary environment (energy, water availability and soil conditions), since it had
the strongest explanatory power (Table 3). This indicates high species diversity of Salicaceae mostly
occurs in areas with relatively warm and high humidity [96]. High temperatures at low latitudes
may curtail breeding times and accelerate species formation, favoring the emergence of new plant
species [97]. This is consistent with evidence that imposed warming considerably increased the root,
stem, and leaf biomass of Salicaceae plants [98] with drought strongly impeding their growth [99,100].
Meanwhile, considering that Salicaceae species originated in the temperate zone [101] and most of
them prefer wet environments [102], the positive association between precipitation, temperature and
species diversity lends supports to the water-energy dynamic equilibrium hypothesis as a species
richness formation mechanism. It has been shown that water-energy dynamics (precipitation and
coldest monthly evapotranspiration) were the main factors affecting the diversity of South African
trees [103-105]. Other studies have found biodiversity patterns that were also related to water
availability [106,107]. Temperature and liquid water are not only vital for plants to absorb and
transport nutrients but also mediate key physiological activities (e.g., photosynthesis) [108,109].

Besides water and temperature, our results suggested UV-B radiation also contributes to the
biodiversity pattern of Salicaceae plants. The negative associations indicate that where UV-B radiation
is intense, both species richness and endemism are lower. UV-B radiation is a factor known to limit the
distribution range of terrestrial and marine life: its negative relationship with biodiversity patterns
arises from its adverse effects on the protective mechanisms and organs of plants [110]. Related
research has also found that high-intensity UV-B radiation can reduce the photosynthetic performance
of Salicaceae species [43,111,112], in addition to diminishing the biomass accumulation [16], seed
germination [113] and membrane structure integrity [44] of plants. Therefore, we propose that,
generally, intensive UV-B radiation reduces Salicaceae plant biodiversity. Compared with other
environmental variables, the association between soil fertility and biodiversity pattern was relatively
weak, which is in line with other research [114]. Nevertheless, it worth emphasizing that topsoil
nitrogen content makes a non-trivial contribution to the diversity patterns of Salicaceae species.
This may be linked to how N can markedly influence gender differences and competitiveness between
the two sexes in these plants [47]. Some studies do show that temperature stability [115] and historical
climatic stability [116] also affect species diversity patterns. We found historical geological processes
also played an essential role by altering the range (Figure 2A,B), diversity and endemism (Table 3,
Figure S2) of Salicaceae species during the glacial period. Thus, while contemporary water-energy and
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historical climate change both have significant impacts on Salicaceae, other factors (such as disturbance
history) warrant quantitative study in future research [117]. It is well known that the ozone layer
protects the forests and other life forms on the Earth’s surface from the sun’s harmful ultraviolet
radiation [118]. During the last few decades, the stratospheric ozone layer has been depleted by
anthropogenic pollutants such as chlorofluorocarbons (CFCS), leading to an increase in surface-level
ultraviolet radiation. As a result of the 1987 Montreal protocol and its amendments, the anthropogenic
loading of ozone-depleting substances in the atmosphere is being reduced. Nevertheless, future climate
change could cause extreme dynamic events [119], volcanic eruptions [120] and irregular changes
in solar flux [121], all of which are likely to damage the ozone layer. Caldwell’s results showed that
for every 1% reduction in ozone, the surface’s UV-B (280-320 mm) radiation increases by 2% [122].
With greater UV-B radiation possible in the future, the geographical distribution and species diversity
of Salicaceae plants may become threatened.

5. Conclusions

Based on niche model, we propose the Salicaceae family underwent an extensive population
expansion of its species during the LIG, but retreated to low latitudes during the LGM. As climate
warming intensifies, suitable habitats will shift to higher latitudes while those at lower latitudes will
contract in area and abundance. Habitats of Salicaceae in China are most likely to be lost in the
future, especially in Jiangxi, Fujian, and eastern Hunan. The western and central regions of China
currently show the highest diversity of Salicaceae species. Because they are typical pioneer plants,
with a strong ability to disperse and colonize, they could fill new or open habitats easily; these traits
make it difficult to resort to a single hypothesis to reveal their pattern of species diversity. Nevertheless,
our results point to the water—energy dynamic equilibrium and historical geological processes as being
key drivers of Salicaceae diversity patterns in China. Our study could thus assist in the conservation
and sustainable use of Salicaceae, and our results provide a solid baseline for biodiversity management
and relevant policy-making for these important woody plants.
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range (Bio5-Bio6), Bio12: Annual precipitation, Biol5: Precipitation seasonality (coefficient of variation); Table:
54 Spearman’s rank correlation coefficients (rs) for the 5 soil variables. S-CE: Cation exchange capacity (CEC)
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climate scenarios.
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Abstract: Knowledge about how species richness varies along spatial and environmental gradients
is important for the conservation and use of biodiversity. The Ericaceae is a major component of
alpine and subalpine vegetation globally. However, little is known about the spatial pattern of
species richness and the factors that drive that richness in Ericaceae. We investigated variation in
species richness of Ericaceae along an elevational gradient in Yunnan, China, and used a variation
partitioning analysis based on redundancy analysis ordination to examine how those changes
might be influenced by the mid-domain effect, the species-area relationship, and climatic variables.
Species richness varied significantly with elevation, peaking in the upper third of the elevational
gradient. Of the factors examined, climate explained a larger proportion of the variance in species
richness along the elevational gradient than either land area or geometric constraints. Species richness
showed a unimodal relationship with mean annual temperature and mean annual precipitation.
The elevational pattern of species richness for Ericaceae was shaped by the combined effects of
climate and competition. Our findings contribute to a better understanding of the potential effects of
climate change on species richness for Ericaceae.

Keywords: Ericaceae; variation partitioning; climate; species-area relationship; mid-domain effect

1. Introduction

Variation in species richness along geographical and environmental gradients is a central topic in
the fields of ecology and biogeography because species diversity can influence community stability and
ecosystem functioning [1-3]. Such research is essential for the conservation and sustainable utilization
of biodiversity, especially under the circumstances of global climate change [4]. Species richness in
relation to elevation has received extensive attention [4,5] because short geographical distances can
produce large climatic gradients as the elevation changes [6]. Thus, elevational gradients provide
unique opportunities to test ecological theories and explore the effects of climate change on species
richness, and may help us interpret deviations from latitude-related patterns [5].

Several elevational patterns for species richness have been described, such as monotonically
decreasing patterns with elevation, monotonically increasing patterns, and unimodal/hump-shaped
patterns [3,5,7]; unimodal patterns are more prevalent. In contrast, a study of 118 taxa recorded
from mountain-temperate forests to a woody shrub community and alpine meadows in Slovakia,
no significant elevational trends were found in species richness [8]. Thus, the elevational patterns of
species richness may vary because of differences in sampling method and taxonomic group [3,5,9].
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Multiple drivers, including environmental variables, mountain topography, and evolutionary
history, may interact to affect the elevational pattern of species richness [1,3,10-12]. The mid-domain
effect (MDE) and the species-area relationship (SAR) are two hypotheses related to mountain
characteristics that have been employed to explain elevational patterns [3,13,14]. The MDE hypothesis
states that species richness will peak in the mid-elevation zone because geometric constraints may lead
to a greater overlap of species ranges near the midpoint of a mountain [15]. Although the validity of
the MDE has been confirmed by many studies [11,13], it has failed to predict plant species richness
along a Himalayan elevational gradient [16]. The SAR hypothesis proposes that maximum richness
occurs in elevational zones that cover the largest area because more species can be supported there [17].
Its efficacy in explaining the elevational pattern of species richness has been confirmed by an example
from the palms of New Guinea [17], but the SAR has little effect on frog species richness in the
Hengduan Mountains [13]. This discrepancy among studies may be related to topography because
changes in land areas associated with elevation are not uniform among mountain ecosystems [18].

Environmental variables always change with the position and topography of a mountain, and some
variables, such as temperature and air pressure, tend to vary predictably along elevational gradients [6].
Because plants species exhibit different degrees of physiological tolerances to environmental stresses,
elevational patterns of species richness may be correlated with environmental gradients [4,9,19].
This environment-based hypothesis predicts that species richness will peak at the elevation where the
combination of growing conditions is optimal [9,12]. Water and temperature seem to be the main variables
that explain elevational gradients of richness [4,19]. Low temperature tolerance may limit the distribution
of many plant species [20,21]. For example, a previous study has found that the mean temperature
of the coldest quarter of the year is the strongest predictor of species richness for woody plants in
China [22]. Higher humidity may contribute to a greater richness of plant species at mid-elevations [4,23].
Species richness at low altitude can be limited by precipitation while at high altitudes it is limited by heat,
thus resulting in a high richness at middle altitude [3,24]. However, fern richness shows a unimodal response
along a temperature gradient but a linear response to a moisture gradient in the central Himalayas [25].
These differences may be related to the physiological tolerances of species to environmental stresses.

In addition to temperature and water availability, light is important for plant growth and survival.
Because light capture by understory species is affected by canopy tree species, competition may be
an important factor limiting the number of understory species by affecting seedling recruitment,
growth, and survival [26-28]. Although a previous study has suggested that the species richness at
large scales is dependent largely upon climatic variables [29], several studies have also confirmed that
competition plays an important role in regulating regional species pools and species diversity [3,28].
The outcome of competitive exclusion is also correlated with the environment. Competition between
species at low altitudes or in favorable growing conditions may be more intense, and its intensity
may decrease with increasing elevation [26,27]. At low elevations in humid areas, the formation of
hump-shaped pattern of species richness is due to the shaded canopy, which reduces the richness
of understory species [3,24]. The degree to which species extend their ranges downwards is much
influenced by competition, while the upper limits are determined by temperature-related factors [30].
Thus, the geographical pattern of species richness may be a result of the combined effects of the
environment and competition [12,27].

Species richness in relation to elevational gradients may vary among life forms [5,12,24]. For example,
Guo et al. suggested that the elevational peaks of herbaceous species richness are higher than those
for trees [5]. Whereas the richness of woody plants decreases monotonically with elevation at high
elevations in the Qinling Mountains, herbaceous plants present no significant patterns [31]. However,
Wang et al. found that species richness for trees, shrubs, and herbs peak within the same elevational
range [32]. These patterns of species richness are probably related to the ecological properties of different life
forms. For example, maximum tree height may affect competition for light capture in a vertical gradient [33]
and tree hydraulic characteristics [34].
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Here, we focus on the species richness of Ericaceae. This family is widely distributed in temperate
and subarctic regions, and at high elevations in tropical regions, and has a high rate of speciation and
species richness in the Eastern Himalayas and southwestern China [35,36]. Rhododendron, the largest
genus in Ericaceae, is a major component of alpine and subalpine communities [35]. Yunnan Province
in China is recognized as a center of diversification and differentiation for species within Ericaceae,
and it harbors more than 50% of all species in this family in China [36,37]. Because spatial patterns
of species richness differ among taxonomic groups [38], understanding how the richness of plants
in Ericaceae vary with elevation and identifying which factors determine its high species richness
in Yunnan would be useful for biogeographical research and biodiversity conservation. However,
richness in this family has received little attention so far.

In the current study, we investigated the variation in species richness of Ericaceae along a large
elevational gradient in Yunnan Province. We focused on the following questions: (1) How does this
richness vary with elevation? And (2) What are the main factors that explain this elevational pattern?
We hypothesized that: (1) species richness peaks at the mid-elevation zone due to a combined effect
of climatic conditions and mountain geometry, and (2) climatic factors play a more important role in
shaping the elevation-related patterns of species richness for Ericaceae than geometric constraints.

2. Materials and Methods

2.1. Study Area

We investigated the species richness of plants within the family Ericaceae over the entire province
of Yunnan, China (97°32/-106°15" E, 21°9’-29°15’ N). Yunnan province in the southwestern part
of the country covers approximately 394,000 km? at the southeastern edge of the Tibetan Plateau.
The elevational gradient ranges from 76.4 m above sea level in the southeast to 6740.0 m in the
northwest (Figure 1). More than 60% of this area lies in a zone from 1500 m to 3000 m (Figure S1).
Much of the province has mild to warm winters and temperate summers, with obvious wet and dry
seasons. Over 80% of the total annual precipitation occurs between May and October. Mean annual
temperature (MAT) ranges from 5.3 °C to 23.8 °C at 119 meteorological stations, with an elevational
lapse rate of 5.1 °C/1000 m. Mean annual precipitation (MAP) ranges from 573.9 mm to 2305.2 mm.
It does not significantly change below 1600 m, but gradually decreases above 1600 m (Figure S2).
As an important biodiversity hotspot in the world, more than 18,000 species of higher plants grow
there [39]. This province hosts a continuous succession from tropical rain forests, subtropical evergreen
broadleaved forests, subalpine conifer forests, temperate deciduous broadleaved forests, mossy
evergreen dwarf forest, alpine bushes, and meadows (Table S1) [40]. A combination of high species
richness and large elevational gradients over relatively short distances makes this locale an ideal place
to evaluate elevational effects on species richness.
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Figure 1. Map of the study area. Insert in top-right corner shows location of Yunnan Province within
China. The triangles (A) show the lowest and highest altitudes (alt.) in the area, respectively.

2.2. Data Sources

All data for species distribution were compiled from two volumes (Tomus 4-5) of the Flora
Yunnanica [37,41]. These sources report the lower and upper elevational limits, maximum plant height,
and life form for native species, subspecies, and varieties within Ericaceae. Here, we treated “variety”
or “subspecies” as individual taxa when diversity is estimated [42]. In all, 425 species belonging
to 12 genera were used (Table S2). To explore elevational richness patterns for different life forms,
we divided these species into two groups: trees were defined as plants >5 m tall while shrubs were
defined as plants <5 m high [32]. Thus, species richness was estimated for three species groups: trees,
shrubs, and all species. The upper and lower distribution limits were used later for deciding the
presence/absence of a species in the elevational band.

The species in our database were distributed from 510 m to 4900 m, and the elevational gradient
was divided into 22 elevational bands, at 200-m intervals. Briefly, we firstly decided whether a species
was present or not in an elevational band based on its upper and lower limits, and obtained
a presence/absence list for each species for each elevational band. Then, we counted the total number
of species present in each elevational band. This sum of the species present in each band was considered
as the observed species richness [1]. For example, if the elevational range of a species is from 720 m to
1250 m, this species is present at the elevational bands of 701-900 m, 901-1100 m and 1101-1300 m.
Then, we summed the number of species present at the elevational band of 901-1100 m to obtain the
observed species richness for this elevational band.

We extracted the map of the study area containing elevation information from the global GTOPO
30 map (https:/ /Ita.cr.usgs.gov/GTOPO30). This map was then converted into a Lambert-Azimuthal
equal area projection map and rasterized on 1 x 1 km grid cells. After counting the number of cells
within each elevational band, we calculated the land area from the total number of cells [13] according
to a global digital elevation model, with a horizontal grid-spacing of 30 arc-seconds in Envi 4.7 (ITT
Exelis, McLean, VA, USA) and ArcGIS 9.3 (ESRI, Redlands, CA, USA).

Climatic data were obtained from the China Meteorological Data Sharing Service System
(http://data.cma.cn/). The database includes mean annual temperature (MAT), mean temperature
of the coldest month (MTCM), mean temperature of the warmest month (MTWM), mean annual
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precipitation (MAP), precipitation of the driest month (PDM), and precipitation of the wettest month
(PWM). Because each meteorological station has an exact location (longitude, latitude, and elevation)
and the latitudinal gradient is relatively small (approximately 8°) in the study area, we were able to
derive the values for these climatic variables within each elevational band by fitting regression models
from the climate data of 119 meteorological stations from 137 m to 3468 m above sea level recorded
between 1961 and 2004 [13] (Figure S2). Temperature seasonality was defined as the difference between
MTWM and MTCM, while precipitation seasonality was calculated as 12 x (PWM-PDM)/MAP [43].
Potential evapotranspiration (PET) was calculated following the FAO Penman-Monteith approach [44].
Although these climate variables were significantly correlated (Table S3), they characterize the
availability of environmental resources from different perspectives.

2.3. Data Analysis

The mid-domain effect was tested by RangeModel [45], which can generate the mean predicted
pattern of richness under “pure” geometric constraints. The richness predicted by RangeModel
is affected by the number of elevational bands, total number of species, range size frequency
distributions (RSFDs), and frequency distribution of a species midpoint. Using the empirical RSFD
Model implemented in RangeModel, we ran 10,000 Monte Carlo simulations to generate the mean
predicted pattern of species richness and the 95% confidence interval within each band for all species,
trees, and shrubs [10] (Figure 2). The predicted richness was then used as an explanatory variable in
variation partitioning analyses to explore the influence of the MDE [17].
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Figure 2. Elevational patterns of richness for all Ericaceae species (A), shrubs (B), and trees (C)
in Yunnan, China. Solid dots and solid lines represent observed and predicted species richness,
respectively. Dashed lines show 95% confidence intervals predicted by the mid-domain effect (MDE)
randomization model.
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The species-area relationship was fitted by an Arrhenius’s power function. This function used
the logarithm of both sides of the equation to obtain the following linear equation: log(S) = log(c) + z
x log(A), where S and A were the number of species and the area covered by each elevational band,
respectively. Both c and z were constants.

A variation partitioning analysis, based on redundancy analysis (RDA) ordination, allowed us
to determine the independent and shared influences of multiple complementary sets of variables on
species richness [46]. We used the “varpart” function of the library “vegan” [47] in the R package
3.4.0 for Windows [48] to determine the contributions of the SAR, the MDE and climate to explain
elevational patterns of richness. That function uses an adjusted R? to assess the partitions explained
by the variables and their combinations. The response variable was the presence/absence of species
in 22 elevational bands [1]. The explanatory matrices were species richness predicted by the SAR
and the MDE, and the environmental matrix containing seven variables (MAT, MAP, PET, PDM,
PWM, MTCM, and MTWM). Prior to the analysis, the presence/absence values of species were
Hellinger-transformed because such a species matrix contains many zeros [49]. Meanwhile, we also
applied the variation partitioning method to explore the relative importance of temperature (including
MAT, MTCM, and MTWM) and water availability (MAP, PET, and PDM) toward species richness.
Shared variation can be negative due to either suppressor variables or two closely correlated predictors
that have strong influences on response variables with opposite signs [50].

To investigate how species richness might vary along elevational and climatic gradients, we ran
generalized linear models (the “glm” function in R) to determine the relationships between richness
and elevation, and climatic variables. Species richness was used as the response variable while the
elevation and climatic variables were the explanatory variables. Before the “glm” function was used,
we tested the data distribution of the response variable by using the “ks.test” function and found that
these response variables followed a Normal distribution. The elevational peaks of richness for all
species, shrubs, and trees were fitted by generalized linear models. We estimated adjusted R? value for
each model. A Wilcoxon test was used to determine the elevational difference between shrubs and
trees. All statistical analysis were conducted with the R package 3.4.0 for Windows [48].

3. Results

3.1. Elevational Patterns of Species Richness

The elevational patterns of richness were decidedly hump-shaped, and the elevational peaks
estimated by polynomial models for all species, shrubs, and trees were 2815 m, 3045 m, and 2454 m,
respectively (Figure 3). The mean elevation was significantly lower for trees than for shrubs (Figure S3).
Multivariate modeling showed that both elevation and life form had significant impacts on species
richness, and it revealed an interaction between these two factors (Table 1). Among these models,
the model of MAT combined with PET had the lowest AIC value and the highest R? value, and best
explained the species richness of Ericaceae.

Table 1. Regression coefficients of the multivariate models for the main variables explaining species
richness. P-values for all models were less than 0.001. MAT, mean annual temperature; MAP, mean
annual precipitation; PET, potential evapotranspiration; AIC, Akaike information criterion.

Intercept Lifeform Elevation = MAT MAP PET Interaction  Adjusted R2 (%) AIC
—132.83 150.42 0.20 - - - —0.20 77.82 210.5
816.91 —811.15 - —39.44 - - 39.93 7791 210.1
1199.63  —1347.50 - - —0.89 - 111 72.02 215.3
914.41 —1002.73 - - - —0.79 1.02 77.05 210.9
—93.16 —51.62 - —21.53 —0.02 0.49 - 83.64 204.2
—116.35 - - —18.22 —0.05 0.47 - 83.94 203.1
—316.60 - - 40.18 0.46 - —0.04 84.24 202.7
—142.50 - - 10.72 - 0.39 —0.02 93.01 184.8
—547.20 - - - 0.61 0.83 —0.0007 68.37 218.0
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Figure 3. Variations in species richness within Ericaceae for all species, trees, and shrubs as
function of elevation (A), mean annual temperature (B), mean annual precipitation (C), and potential
evapotranspiration (D) in Yunnan Province, China. The explanatory powers (R?) were evaluated by
polynomial models. ** p < 0.01; *** p < 0.001.

3.2. Explanatory Powers of the MDE, the SAR, and Climate for Elevational Patterns of Richness

Temperature (MAT, MTCM, and MTWM) and water availability (MAP, PDM, and PWM) had
significant effects on species richness (Figure 3, Tables 1 and 2), with the explanatory power being higher
for the former than for the latter when all species, shrubs, and trees were considered (Figures 3 and 4).
In addition, richness was significantly influenced by temperature seasonality but not by precipitation
seasonality (Table 2). Although species richness presented unimodal patterns along temperature gradients,
it peaked at a higher MAT level for trees than for shrubs (Figure 3).

Table 2. Explanatory powers (R?) of climatic variables with species richness for all species, and for
trees and shrubs in Ericaceae evaluated by polynomial models. ** p < 0.01; *** p < 0.001.

Environmental Variable All Species  Shrubs  Trees

Temperature of the coldest month 0.840 *** 0.781 ***  (.838 ***
Temperature of the warmest month ~ 0.905 *** 0.826 ***  0.911 ***
Temperature seasonality 0.662 *** 0.632 ***  0.667 ***
Precipitation of the driest month 0.497 ** 0.478*  0.604 ***
Precipitation of the wettest month 0.758 *** 0.734 **  0.691 ***
Precipitation seasonality 0.036 0.026 0.065

The partitioning analysis showed that the MDE, the SAR, and climate together explained 54.66%,
52.84%, and 58.44% of the variance for all species, shrubs, and trees, respectively, with climate
accounting for the largest proportion (Figure 5). When all species were considered, the individual
contributions of the SAR, the MDE, and climate were 5.91%, 3.64%, and 17.93%, respectively.
By comparison, the total contributions (including independent and shared effects) of the SAR, the MDE,
and climate were 18.73%, 12.22%, and 46.49%, respectively. Finally, the explanatory powers of the SAR,
the MDE, and climate were higher for trees than for shrubs.
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Figure 4. Partitioning of species richness into temperature (including mean annual temperature,
temperature of the coldest month, temperature of the warmest month) and water availability (including
mean annual precipitation, precipitation of the driest month and precipitation of the wettest month) for
all species, and for shrubs and trees in Yunnan. Values represent adjusted R? coefficients of independent
or shared effects by each variable. Total effect (including independent and shared effects) of each
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Figure 5. Partitioning of species richness into the species-area relationship (SAR), the mid-domain effect
(MDE), and climate components for all species, and for shrubs and trees. Values represent adjusted R?
coefficients of independent or shared effects by 3 predictors. Total effect (including independent and
shared effects) of each explanatory component was shown in parentheses.

4. Discussion

We characterized the elevational patterns of species richness in Ericaceae within Yunnan Province
for the first time, and found that richness showed a hump-shaped relationship with elevation,
producing the maximum value at 2815 m. Such elevational pattern of species richness is also
observed on other woody plants in this area [32,51,52]. The hump-shaped pattern along an elevational
gradient has been identified for many other habitats and plant taxa worldwide [5,25], and may result
from a variety of factors, such as the combination of suitable temperature with higher humidity
at mid-elevations, and the greater overlap of species ranges near the middle of the elevational
gradients [7,9,10,38]. However, the main factors that drive these patterns can differ across taxonomical
groups or mountains [3,38].
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We found that the elevational patterns of species richness in Ericaceae was influenced by climate,
the species-area relationship, and the mid-domain effect. However, for trees, shrubs, and all species
combined, both the independent contribution and total contribution of climate to species richness were
obviously higher than those of the MDE and the SAR. Other researchers have confirmed that climate
contributes more than geometric constraints to the hump-shaped pattern of richness along geographic
gradients [13,19]. The skew in maximum richness toward higher elevations may indicate the strong
influence of climate [10]. Climate potentially affects the metabolism and survival of an organism and,
therefore, its geographical distribution [53]. The explanatory power of climate on species richness was
higher for trees than for shrubs. This was in line with other data about woody plants in China [22]
and reflected functional and physiological differences between trees and shrubs [34,54]. Tree and
shrub distributions are associated with environmental gradients [55]. For example, the spatiotemporal
variation in soil water availability and species drought resistance may have roles in determining
species distribution [56]. Thus, our study indicated that climate might be an important driver for
elevational patterns of species richness in Ericaceae, and the distributions of trees were more sensitive
to environments than shrubs.

The important roles of temperature and water availability in explaining elevational gradients of
species richness have been validated previously [4,42]. Here, we found that the explanatory powers of
MAT, MTCM, and MTWM were higher than those of MAP, PDM, and PWM. Previous studies have
suggested that the interrelationship between water and energy controls the physiological activities
and biomass accumulation of plants, which determines the geographical pattern of species diversity.
Species richness of plants can increase with precipitation, but water becomes ice under too low
temperature conditions and is easily evaporated under high temperature conditions, which affects the
normal physiological processes of plants. Thus, species diversity and energy have a hump-shaped
pattern [3,57]. These indicated that the effects of temperature and precipitation on species richness in
Ericaceae were coupled.

The freezing-tolerance hypothesis has been validated in a study of species richness for woody
plants [22]. We noted that, when compared with temperature seasonality, MTCM and MTWM had
relatively larger explanatory powers on species richness. Although many Rhododendron species are
very tolerant of low temperatures [58], cold climates at high altitudes may slow soil formation,
the physiological activities and growth of plants [51]. Embolisms that are induced by freezing
conditions can reduce the hydraulic conductivity of species in Rhododendron, possibly blocking water
transport from the roots to the leaves [58]. Extremely cold temperatures can represent a boundary
for the survival of Rhododendron species [20]. Here, we found that species richness of plants
within Ericaceae peaked at a lower temperature for shrubs than for trees. Wang et al. reported
a negative correlation between elevation and plant height in their study of 42 rhododendrons on
the Tibetan Plateau [59]. Shorter plants may help compensate for the difficulty in supplying water
to leaves [34] and enhance the adaptability of plants to lower temperatures at higher elevations.
In addition, the energy-diversity hypothesis states that each population needs a certain amount of
energy to maintain its survival and reproduction, and species richness can be affected by the energy
per unit area [3,53,57]. In the case of unrestricted water, there is a globally consistent relationship
between species richness and temperature for angiosperms [60]. Here, we found a close relationship
between MAT and species richness, and the combination of MAT and PET could better explain the
elevational patterns of species richness in Ericaceae. These indicated that the energy change along the
elevational gradient and temperature filtering may be the main factors affecting species distribution
and richness for Ericaceae in Yunnan.

Water availability is another major correlate for the elevational patterns of species richness [3,25],
and can regulate the relationship between species diversity and temperature [60]. Under the condition
of adequate moisture, the species richness of trees and shrubs are closely related to MAT, while under
the condition of insufficient water, the richness of woody plants is positively correlated with
precipitation [3]. A previous study has noted that the highest richness for most organisms in the
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American Southwest is found at mid-elevations due to the lack of water at lower elevations [23].
Here, we found that species richness for Ericaceae was significantly correlated with MAP, PDM,
and PWM, although the relative importance of water availability in explaining the elevational pattern
of richness was smaller than temperature. Rhododendron ferrugineum L. is thought to be particularly
affected by short periods of scarce rainfall, which negatively affects leaf gas exchange [61]. Snow cover
during winter provides protection for the plants at high elevation. A reduction in snow cover
may increase the frequency and intensity of the freeze-thaw process [62]. Thus, water availability
contributed to the humped-pattern of richness for the Ericaceae along an elevational gradient.

A larger land area may contribute to higher species diversity because increased space can
accommodate more species and support greater habitat heterogeneity [9,14]. Although some previous
studies have found that area effects can account for a substantial portion of the variability in elevational
diversity patterns [13,14,17], it is a poor predictor of elevational fern diversity in Costa Rica [11].
This may be because the impact of area on species richness can be counteracted by some environmental
factors associated with elevation [6]. Our data showed that over 18% of the variation in species
richness for Ericaceae along the elevational gradient was explained by the SAR, but this was shared by
climatic factors. Thus, land area had some influence on the elevational pattern of species richness for
Ericaceae, even though it contributed more to species richness for trees than for shrubs. Our finding
demonstrated that the extent to which SAR explained elevational species richness depended upon the
life form of the studied taxa.

The geometric characteristic of mountains has a critical role in shaping elevational patterns [11,17].
The influence of the MDE on species richness has previously been demonstrated [11,15,17]. A previous
study has suggested that MDE is an important factor explaining the elevational pattern of species
richness for Ericaceae in Gaoligong mountains [52]. However, we found that the explanatory power
of the MDE was smaller than that of climate, or of the SAR. Meanwhile, a large portion of the MDE
was shared with climate. Similarly, the MDE has not proven to be a main mechanism determining the
richness of vascular plants in Crete [14]. In fact, the extent to which the MDE can effectively explain
spatial patterns of richness differ among various studies due to the interaction of mountain mass
effects with climatic factors [10,11,19]. Thus, for the family Ericaceae in Yunnan, the MDE was not
a key mechanism that explained the elevational pattern of species richness.

Last, competition may serve as a filter preventing species from colonizing a site, therefore affecting
local species diversity [3,28,63,64]. The environment determines community composition not only
via survival, but also by influencing competition. Patterns of species richness across gradients depend
on the interaction between individual species’ range of tolerance and competition [64]. Here, although
we found that climate was the most important driver of elevational pattern of species richness in
Ericaceae, the role of competition could not be ignored. Below 1600 m, there was no significant
change in precipitation along the elevational gradient, but species richness increased with elevation.
This indicated that below 1600 m, precipitation was not responsible for the variation in species richness.
Previous studies have confirmed that at lower altitudes, water and heat resources are sufficient and
productivity is high, but competition for light resource is intense [26-28], and a dense canopy may
buffer climate effects [65]. In fact, the maximum canopy height of main vegetation types below 1600 m
in Yunnan are almost above 20 m (Table S1), but only <10 species in Ericaceae have a maximum height
of more than 15 m [37,41]. Maximum tree height in part reflects the ability of plants to compete for
light resource [33]. Because of their low statures, the growth and diversity of most species in Ericaceae
are depressed by competition from tall trees at low elevations, and only a few species (in the genus
Agapetes) grow as epiphytes in tropical rainforest, tropical monsoon forest, and montane rainforest.
With increasing elevation, competition from other tree species is gradually weakened, and many
species, such as Cassiope and Rhododendron, are species-rich, and may dominate mossy evergreen dwarf
forests and alpine shrub lands [52]. At higher elevations (>3000 m), the growth and distribution of
plants in Ericaceae is limited by lower temperatures. Our study supported the idea that observed
elevational gradients in species richness results from a combination of ecological and evolutionary
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processes, rather than from the independent effect of one overriding force [9,11,12]. Species diversity
within Ericaceae was regulated by the competition from other tree species at lower elevations, by the
reduced competition and suitable climates at middle elevations, and by the decreased temperature
and energy at higher elevations.

5. Conclusions

The species richness within Ericaceae of Yunnan Province in China varied significantly along
an elevational gradient, presenting a humped pattern showing that species richness peaked in the
upper third of the elevational gradient. We confirmed that the species richness for Ericaceae along
the elevational gradient was influenced by multiple interacting factors. Climate explained a larger
proportion of the variance in observed richness, but the elevational pattern of species richness for
Ericaceae reflected the combined effects of the environment and competition.

We have found that climate had an important role in explaining the elevational pattern of species
richness. However, the effects of environmental factors on physiology and productivity in Ericaceae are
still unclear, and a deep understanding is lacking about the relationship between richness and climate.
Therefore, it will be interesting to conduct field research that explores synthetically the variations in
plant physiology, productivity and species richness along elevational gradients.
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Figure S1: Land area associated with each elevational band, Figure S2: Variations in mean annual temperature
and mean annual precipitation with elevation (A,C), and monthly temperature and precipitation at different
elevations (B,D) based on the records of 119 meteorological stations between 1961 and 2004 in Yunnan. The value
in parenthesis shows the elevations at each meteorological station, Figure S3: Mean elevation of trees and shrubs
with Ericaceae in Yunnan. The elevational difference between trees and shrubs was tested by a Wilcoxon test,
Table S1: Elevations, dominant species and canopy heights of main vegetations in Yunnan, Table S2: Number of
species and life form in each genus of the family Ericaceae in Yunnan, Table S3: Bivariate relationships (r) among
explanatory variables.
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Abstract: Explaining the high diversity of tree species in tropical forests remains a persistent challenge
in ecology. The analysis of spatial patterns of different species and their spatial diversity captures the
spatial variation of species behaviors from a ‘plant’s eye view” of a forest community. To measure
scale-dependent species-species interactions and species diversity at neighborhood scales, we applied
uni- and bivariate pair correlation functions and individual species area relationships (ISARs) to
two fully mapped 2-ha plots of tropical evergreen forests in north-central Vietnam. The results
showed that (1) positive conspecific interactions dominated at scales smaller than 30 m in both plots,
while weak negative interactions were only observed in P2 at scales larger than 30 m; (2) low numbers
of non-neutral interactions between tree species were observed in both study plots. The effect
of scale separation by habitat variability on heterospecific association was observed at scales up
to 30 m; (3) the dominance of diversity accumulators, the species with more diversity in local
neighborhoods than expected by the null model, occurred at small scales, while diversity repellers,
the species with less diversity in local neighborhoods, were more frequent on larger scales. Overall,
the significant heterospecific interactions revealed by our study were common in highly diverse
tropical forests. Conspecific distribution patterns were mainly regulated by topographic variation at
local neighborhood scales within 30 m. Moreover, ISARs were also affected by habitat segregation and
species diversity patterns occurring at small neighborhood scales. Mixed effects of limited dispersal,
functional equivalence, and habitat variability could drive spatial patterns of tree species in this study.
For further studies, the effects of topographical variables on tree species associations and their spatial
autocorrelations with forest stand properties should be considered for a comprehensive assessment.

Keywords: spatial patterns; individual species-area relationship; tropical evergreen mixed forest;
competition and facilitation; Vietnam

1. Introduction

One of the fundamental goals of community ecology is to understand the underlying ecological
processes that form the patterns of species and species diversity in space. Previous studies have
investigated conspecific and heterospecific interactions [1,2], dispersal limitation [3], environmental
heterogeneity [2,4,5], neutral theory [6], and the individual species-area relationships [7,8] of plant
communities. The authors of these studies proposed the underlying ecological processes that regulate
the distribution patterns of species and species diversity in space. The neutral theory assumes
demographic equivalence of individuals in terms of their birth, reproduction, and death, regardless
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of species identity [6]. McGill [9] argued that a stochastic geometry of biodiversity is exposed by
intraspecific clustering and independent species placement from other species. Uriarte et al. [10] also
found that the majority of species did not respond to the identity of neighbors in Barro Colorado Island,
which supports the neutral theory. Recent studies have predicted that stochastic dilution effects may
result in species rich communities with independence of species spatial distribution [9,11,12], and even
the underlying ecological processes structuring the community are driven by deterministic niche
differences. Consequently, the identities of the nearest neighborhood individuals of a given species
could be unpredictable because each individual may be neighbored by a different set of competitors
(e.g., [13,14]). However, several studies using individual-based analyses of local neighborhoods
pointed out that direct plant-plant interactions may operate within local plant neighborhoods on scales
smaller than 30 m, and fade away on larger scales [2,10,15]. Under habitat heterogeneity, direct plant
interactions on small scales (e.g., facilitation or competition) may be marked by habitat preference
on large scales (e.g., shading, nutrients, soil moisture) [2,4,16]. Additionally, habitat conditions
(e.g., elevation, soil moisture, aspect) vary typically on large scales along environmental topographical
gradients [17,18]. Therefore, using the appropriate null models can account for the effects of habitat
heterogeneity and plant interactions [19]. In heterogeneous habitats, using inhomogeneous Poisson
processes [20,21] as null models retains the large scales of pattern structure but removes the small-scale
correlation structure.

The analysis of scale-dependent patterns of diversity in neighborhoods of individuals may also
provide insights into the mechanisms of community assembly. Analysis of individual species-area
relationships (ISAR) [7,21] is an efficient technique to quantify changes in species richness and
species-specific effects on local diversity. ISAR is used to detect spatial patterns in diversity from the
perspective of individual plants, and to relate them to the underlying mechanisms [19]. If positive
interactions with other species occur, such as shared responses to abiotic conditions or dispersion by
the same frugivores, the target species accumulates and maintains an over-representative proportion
of species diversity in its proximity [22]; therefore, it is known as a diversity accumulator. In contrast,
if negative interactions occur, such as competition for space, it can result in a lower density of
heterospecific neighbors. Consequently, there is an under-representative proportion of other species
neighboring the focal species, which is therefore named a diversity repeller. Hence, the net balance of
positive and negative interactions can reduce or elevate the species richness of the neighbors of a focal
species, or the richness of neighborhood species may not significantly differ from that of randomly
distributed neighbors [22].

In this study, we used point-pattern analyses to examine the species interactions and species
diversity in two 2-ha plots of tropical evergreen forest stands in Vietnam, and then investigated the
effects of habitat variability on tree species demography. Our general hypothesis is that stochastic
effects dilute species associations in species-rich forest communities. Specifically, we hypothesized
that: (1) The underlying mechanisms regulating conspecific and heterospecific interactions, such as
habitat variability, functional equivalence, limited dispersal or species interaction, are mixed in these
species-rich forest communities. (2) Species interactions are commonly observed on local neighborhood
scales and blurred on larger scales in species-rich communities. Our aim was to disentangle the effects
of environmental variability on species association in space, and the potential ecological processes
structuring the spatial patterns of these forests.

2. Materials and Methods

2.1.Study Site and Data Collection

In 2017, two 2-ha study plots (100 m x 200 m) were established at 17°20'11” N, 106°26'30” E
(P1) and 17°20'15” N, 106°26/24" E (P2) in tropical evergreen forest of north-central Vietnam. P1
exhibited an elevation ranging from 119 to 148 m above sea level (a.s.l.) and slope fluctuating from 5 to
40 degrees (Table 1), whereas Plot P2 presented an elevation varying from 137 to 184 m a.s.l. (Table 1),
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and slope ranging from 5 to 45 degrees, with good drainage. The climate regime characteristic for
both plots is tropical monsoon, with an average annual temperature of 23.5 °C and average annual
precipitation of 3000 mm. About 60-70% of the total precipitation falls from October to November in
the rainy season; the dry season lasts from March to August.

Table 1. Basic description of two sampled plots.

Characteristic Plot P1 Plot P2
Elevation (m): mean =+ standard deviation (min-max) (113 149_i1283; 1(??7%11811)1
Slope (degree):mean =+ standard deviation (min—-max) 2?5%48)'6 2(65%4;5
Number of individuals 3936 3731
Total basal area (m?) 48.4 64.6
DBH (cm) (mean, min—-max) 8.6 (2.5-79.6) 10.3 (2.5-95.5)
Number of species 61 52
Number of species with one individual 13 7
Number of species with >30 individuals 25 28
Number of shared species 47 47
Number of individuals from shared species 3732 3698

All live trees with diameter at breast height (DBH) >2.5 cm were mapped, and tree positions and
their characteristics (species and DBH) were recorded. The topographic slope and relative coordinates
(x,y) of each tree were recorded via a grid system of subplots (10 m x 10 m) by using a laser distance
measurer (Leica Disto D2, Leica Geosystems AG, Heerbrugg, Switzerland) and compass. Elevation
was calculated for each subplot as the mean of the elevation at its four corners. Both study plots
were developed on secondary forest and selectively logged under reduced-impact logging before
2006, and they were highly protected afterward. Seven stumps of Erythrophfloeum fordii Oliver and
Tarrietia javanica Blume were recorded in P1, and eighteen logged stumps of Erythrophfloeum fordii,
Tarrietia javanica, Vatica odorata (Griff.) Symington, and Garuga pierrei Guillaumin were found in P2.

2.1. Data Analysis

2.1.1. Uni- and Bivariate Pair Correlation Functions

We used the pair correlation functions [20,23] as summary statistics to quantify the spatial structure
of the uni- and bivariate patterns. The pair correlation function g7;(r) for the univariate pattern of
species 1 can be defined based on the neighborhood density, which is the mean density of trees of
species 1 within rings with radius  and width dr centered on the trees of species 1 [23] where A; is the
density of species 1 trees in the plot. Therefore, the pair correlation function is the ratio of the observed
mean density of trees in the rings to the expected mean density of trees. The univariate pair correlation
function g1;(r) can be used to find out whether the distribution of a species is random (g11(r) = 1),
aggregated (g11(r) > 1), or segregated (11(r) < 1), and at which distances r these patterns occur. The pair
correlation function for bivariate patterns (i.e., species 1 and species 2) follows intuitively: the value of
g12(r) is the ratio of the observed mean density of species 2 trees in the rings around species 1 trees to
the expected mean density of species 2 trees in these rings [23]. The association of a species pair is that
of independence if g15(r) = 1, attraction if g75(r) > 1, or repulsion if g7»(r) < 1 at distances r.

The above assessment is applied in cases of environmental homogeneity, where the tree locations
are independently and randomly distributed over the entire plot under the null model of complete
spatial randomness (CSR). In the case of environmental heterogeneity, where the tree distribution
contains areas with low point density, the local neighborhood density is larger than the expected density
under CSR; therefore, spurious aggregation appears, which may also obscure an existing small-scale
regularity (i.e., virtual aggregation; [4]). Considering this issue, we used the inhomogeneous Poisson
process (IPP) as a null model [4,23]. This null model can approximately factor out the effects of
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heterogeneity by placing the points of the tree distribution only within areas of radius R. It maintains
the observed large-scale structure, but removes potential non-random local spatial structures at
distances  below R [4]. The constant density of points in the null model of CSR is replaced by an
intensity function A(x,y) that varies with location (x,y) in the null model of IPP [4,23]. To estimate
the intensity function, a non-parametric kernel estimation of the intensity function based on the
Epanechnikov kernel with a bandwidth R = 50 m was used. In the estimation, all potential spatial
structures in the pattern of the target species on scales up to 50 m were removed, while spatial
structures were maintained on larger scales.

To test species association, we used different null models. Under CSR, we applied the null
model of independence, in which the locations of tree species 1 are fixed and that of tree species 2 are
randomly shifted within the study plot. With environmental heterogeneity, we kept the locations of
the first species fixed, and randomized the locations of the second species by using the IPP null model.
We assessed both g12(r) and g2;(r) for each species association due to the asymmetric interactions
of species.

2.1.2. Individual Species—Area Relationship

The ISAR(r) function is the expected number of species within circular areas of radius 7,
with a = 7172, around an arbitrarily chosen individual of a target species  [7]. ISAR is used to analyze
the spatial diversity structure in forest ecosystems and combine the species-area relationship with the

individual perspective of point pattern analysis [21]. For a species, the ISAR can be estimated as:

M=

ISAR(r) = ) [1 = P;;(0,7)]

]

Il
—

Py;(0, r) is the emptiness probability that species j is not present in the circle with radius r around
individuals of the target species t. If 2 = 7172, the ISAR function can be expressed in terms of circular
area a to resemble the common species area relationship [7].

2.1.3. Used Software Package

For both analyses types (pair-correlation function and ISAR), to assess departure from the null
models on different scales 7, the 5th lowest and 5th highest values of 199 Monte Carlo simulations
were used to construct confidence envelopes by using the grid-based software Programita ([23],
updated version of February 2014 from http://programita.org/) with spatial resolution of 2 m. Then,
the Goodness-of-Fit (GoF) test was applied with <5% error to reduce type I error inflation [24]. In our
study, we selected a distance interval of 0-30 m to assess overall departures from the null model.
Significant deviations from the null model were only considered as such if the observed p value of the
GoOF test was <0.05.

Thus, the univariate analysis indicated aggregation if the observed g;1(r) was above the simulation
envelopes and regularity if it was below. Conversely, the bivariate analysis indicated a positive
interaction if the observed g1,(r) was above the simulation envelopes, and a negative interaction if it
was below.

In ISAR analysis, a species is regarded as a diversity accumulator with an approximate « level of
0.05 if the empirical ISAR(r) is above the confidence envelopes on scale r. That means that the target
species has more diverse local neighborhoods on scale r than expected by the null model. Conversely,
a species is regarded as a diversity repeller if the empirical ISAR(r) is below simulation envelopes on
scale 7, thereby having a less diverse local neighborhood on scale r than expected by the null model.

3. Results

Plot P2 had fewer individuals and lower species richness, but it had a higher basal area and
higher dominance of the common species (having >30 individuals) than plot P1 (Table 1). In plot
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P1, the most common tree species were Ormosia balansae Drake, Garuga pierrei, Erythrophfloeum fordii,
Paviesia annamensis Pierre, Castanopsis tonkinensiss (Rox. Ex Lin.) A., and Tarrietia javanica, which
contributed 44% of the total basal area and 32% of all individuals. In plot P2, the dominant species
were Cinnamomun obtusifolium Nees, Garuga pierrei, Ormosia balansae, Engelhardtia roxburghiana Lindl.,
and Endosperrmun sinensis Benth., covering 42% of the total basal area and 22% of all individuals.
Figure 1 shows distribution maps of studied species in plot P1 and P2. For characteristics of other
common species, see Appendix A Table Al.

1917500

1917600

1917400

1917500

653250

Figure 1. Distribution maps of investigated trees on the two 2-ha plots P1 (a) and P2 (b) with 10 m
contour lines of altitude.

3.1. Species Distribution Patterns

We performed a total of 53 univariate point-pattern analyses for 30 species with at least
30 individuals in both plots (Table Al). The number of species that showed a significant departure
from the null models substantially decreased on scales up to 20-30 m and saturated at larger scales
(Figure 2).

Of the 25 most abundant species in plot P1, the individual distribution of 15 species (60%) showed
a significant departure from the null model of CSR (p < 0.05) (Figure 2a), the individual distribution of
another 12 species (48%) showed aggregated patterns, and three species (12%) had random distribution
patterns (not shown) on scales up to 30 m. Strongly aggregated species on different scales were shade
intolerant species, including Bursera tonkinensis Guillaumin, T. javanica, Polyalthia nemoralis Aug. DC,
Mallotus kurzii Hook.f., C. indica, O. balansae, E. sinensis, and V. odorata.
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Figure 2. Significant conspecific associations analyzed by the univariate pair-correlation function g;1(r)
from 199 Monte Carlo simulations under the null models of CSR at P1 (a) and IPP at P2 (b) at p values
< 0.05. Black lines indicate aggregation, grey lines indicate regularity.

The heterogeneity of plot P2 was established based on the rejection of the null model of CSR for
trees with DBH >10 cm of all species on large scales, as described in [23] (results shown in Appendix A
Figure Al). Therefore, the null model of IPP was applied for further simulation processes on P2.
Among 28 analyzed species in P2, individuals of 9 species (32%) displayed a significant departure
under the null model of IPP (p < 0.05) (Figure 2b). Of these nine, six species (21%) exhibited the
individuals aggregated patterns up to scales of 20 m included T. javanica, C. obtusifolium, Polyalthia
cerasoides (Roxb.) Bedd, M. kurzii and E. sinensis, and three species (11%) showed no difference from the
null model (data not shown). On scales larger than 20 m, three species (11%), including C. obtusifolium,
M. kurzii and E. sinensis, also showed regular distribution patterns.

In comparison, positive conspecific interactions dominated on small scales up to 30 m, while
weak negative interactions were only observed in P2 on large scales.

3.2. Species Associations

For species associations, 600 species pairs were tested for P1 (Figure 3a) and 756 species pairs
were tested for P2 (Figure 3b). Most of the species pairs (i.e., 89.7% in P1 and 81.8% in P2) showed no
significant deviation from the null models (independence) for species associations at p < 0.05. In P1,
12 species pairs (2%) were positively associated (attraction) on scales smaller than 30 m, and 14 species
pairs (2.3%) were negatively associated (repulsion) on these scales at p < 0.05 (Figure 3a). The number
of repulsions were higher than that of attractions for all scales up to 50 m. Positive associations
were found in species such as P. nemoralis, Alangium ridleyi King, Vitex trifolia L., M. kurzii, Litsea vang
Lecomte, E. sinensis, C. indica, V. odorata, O. balansae, and C. obtusifolium. Negative associations were
found in species pairs of M. kurzii vs. (G. pierrei, P. annamensis, and V. trifolia); C. indica vs. (P. nemoralis,
Koilodepas hainanense (Merr.) Croizat and C. obtusifolium).

In P2, the number of positive associations, with 23 species (3%) pairs balanced that of negative
associations, with 12 species (1.5%) combinations for all scales from 0-50 m (Figure 3b). Positive
associations were found mainly for C. obtusifolium, B. tonkinensis, P. annamensis, O. balansae, and
Symplocos laurina (Retz.) Wall. Ex G. while negative associations were observed in P. nemoralis,
M. kurzii, Canarium album (Lour.) DC., and Gironniera Subaequalis Planch.
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Figure 3. Significant heterospecific associations analyzed by the bivariate pair-correlation function
g12(r) from 199 Monte Carlo simulations at p values < 0.05. The null models were independence at P1
(a), and pattern 1 fixed and pattern 2 randomized by inhomogeneous Poisson process at P2 (b). Black
lines indicate attraction, grey lines indicate repulsion.

3.3. Individual Species Area Relationship

ISAR analyses for 25 focal species of P1 were performed and 10 species (40%) were significantly
different from the null model of CSR at p < 0.05 (Figure 4a,b). The results showed a similar trend,
where 10 focal species had up to 40 different species within neighborhoods of 40 m; species identity
slightly differed on larger scales up to 50 m (Figure 4a). Among these, the number of accumulators
(for example, B. tonkinensis, T. javanica, P. annamensis, Amoora dasyclada C.Y. Wu, and O. balansae)
dominated and dropped linearly from 0-10 m and slowly decreased on larger scales, while that of
repellers (such as M. kurzii, Syzygium wightianum Wall. Ex Wig.&Arn., Garcinia oblongifolia Chanp. Ex
Benth., and V. odorata) dominated on spatial scales of 25-50 m (Figure 4b).
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Figure 4. Results of ISAR analyses from 199 Monte Carlo simulations under null models of CSR in P1
(a-b) and IPP in P2 (c—d); significant at p < 0.05.
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In P2, 28 focal species were analyzed, and 10 species (35.7%) showed a significant departure
from the null model of IPP at p < 0.05 under the GoF test (Figure 4c,d). The ISARs for these 10 focal
species were similar to the explored 45 different species neighborhoods (Figure 4c). The number
of accumulators (such as T. javanica, C. obtusifolium, P. annamensis, G. pierrei, S. laurina, A. dasyclada,
E. roxburghiana, P. cerasoides, and Madhuca pasquieri (Dubard) H.J. Lam) was slightly higher than that of
repellers (e.g, M. kurzii) on scales up to 10 m (Figure 4d). These numbers decreased linearly up to the
scale of 25 m, and became lower than that of repellers on larger scales of 35-50 m.

4. Discussion

We performed spatial pattern analysis for 53 intra- and 1056 interspecific associations respectively,
within two fully mapped 2-ha plots of tropical evergreen forest stands. One methodological challenge
was to separate first-order effects (e.g., caused by environmental heterogeneity) and second-order
effects (e.g., small-scale treetree interactions), in order to identify appropriate biological interpretations
of the underlying mechanisms or processes regulating spatial association of tree species in space.
To deal with this challenge, we applied different null models according to different environmental
conditions (less homogeneity in P2). Our findings are consistent with the general hypotheses that
(1) stochastic effects dilute species associations in highly diverse communities, making them weak on
average, and (2) non-random patterns occur mainly on local neighborhood scales.

Dominance of diversity accumulators occurred on small scales, while diversity repellers were
more frequent on larger scales up to 50 m. The assemblage of species richness varied up to scales of
30 m. M. kurzii was found to be a diversity repeller in both investigated plots; this finding was also in
accordance with results of species association analyses.

4.1. Species Distribution Patterns

Aggregation is a common distribution pattern of tree species in nature, particularly in species-rich
tropical forests [2,25,26]. Aggregated distributions may result mainly from limited seed dispersal [27]
and/or environmental heterogeneity [2,4]. In this study, the null models of CSR and IPP were applied
to P1 and P2, respectively, to control for a variety of habitat conditions in space. The results showed
that aggregated patterns were dominant in both study sites with 48% in P1 and 21% in P2. T. javanica,
M. kurzii and E. sinensis were aggregated in both plots, while segregated patterns were found mainly
in P2 on scales larger than 20 m, e.g., spatial arrangement of M. kurzii and E. sinensis. These species
are shade intolerant (Table A1), having similar habitat requirements [28]; therefore, they showed
similar spatial distributions. Debski et al. [29] concluded that species sharing a habitat preference
exhibit similar distribution patterns. In our study, the evidence suggests that on small scales, dispersal
limitation could be one of the main drivers of species aggregation, while environmental variability
could regulate species distribution on larger scales by separating conspecific trees in space [1,2].
Moreover, a wider extent of the clumped patterns of tree species in P1 than P2, and the occurrence of a
dispersed pattern in P2, suggest effects of scale separation on scales of 30 m.

4.2. Species Associations

Low numbers of non-neutral interactions between tree species were observed in both plots.
In comparison, positive associations were more frequent in P2 than P1, while negative associations
exhibited the opposite trend. The effect of scale separation by habitat heterogeneity on interspecies
associations occurred on scales of 30 m. It is not surprising that only about 5% of all species—species
pairs where significantly non-neutral (i.e., attraction or repulsion) at p < 0.05 in this study. These results
can be interpreted as equilibrated neutral bivariate patterns in the spatial distribution of tree species.
This argument is in accordance with the unified neutral theory [15], which hypothesizes that species
may be functionally identical and drift randomly in abundance. In addition, this viewpoint is also
supported by [11], wherein the authors found only 5.8% of non-independent species associations
in a Dipterocarp forest, Sri Lanka, and 5.3% in a tropical forest, Barro Colorado Island. In our
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study, the percentage of non-neutral species interactions is quite similar, regardless of environmental
variability between sampled plots. Moreover, negative interactions decreased and disappeared
on scales larger than 30 m, showing that scale separation matched environmental heterogeneity.
Hai et al. [2] also found that most of the tree-tree interactions occurred on scales smaller than 30 m in
a tropical evergreen forest of Vietnam. Hurtt and Pacala [30] argued that if demographic heterogeneity
is strong, it will not allow similar or identical responses at the species level, which would leave
neighborhood patterns as predicted by coexistence theory. In this study, under habitat variability
in P2, competitive interactions between species were prevented, and that could be a consequence
of dispersal limitation, and because the best-adapted species are not always able to colonize newly
available gaps. In addition, past logging activities could also affect the low frequency of non-neutral
interactions between tree species. These findings also support our hypothesis of scaling on local
neighborhood interactions.

4.3. Individual Species—Area Relationship

The presence of diversity-accumulating species suggests that negative intraspecific interactions
were stronger than negative interspecific interactions [31], and negative density dependence within
species was stronger than that between species. The negative density dependence within species is
an ecological process which is considered fundamental to maintaining species diversity in tropical
forests [16], while also supporting the segregation hypothesis [32]. Wiegand et al. [4] argued that a
species with a highly aggregated distribution will be surrounded by more conspecific individuals and
fewer heterospecific individuals than expected on average; therefore, it would appear as a diversity
repeller. Conversely, a segregated species may be surrounded by more heterospecific individuals and
would appear as a diversity accumulator.

Using data from the bivariate spatial patterns of 30 species in two contrasting environmental
habitats, we found that about 40% of the species effected local tree diversity on spatial scales below
30 m. The results from ISAR analysis showed assemblage of species richness on local scales smaller
than 25 m in both study plots, which also agreed with uni- and bivariate point pattern analyses of
species associations. This confirmed that species—species interactions in the studied forest stands
operate only in local plant neighborhoods on scales smaller than 30 m. Our finding is also similar to
that of previous studies in tropical forests [4,10,33], where neighborhood effects responded within a
distance of 20-30 m.

Environmental conditions were considered as homogeneous in P1; the diversity accumulators
decreased while the diversity repellers increased with increasing spatial scales, emphasizing a clear
effect of limited dispersal. Under habitat conditions of variability in P2, both diversity accumulators
and repellers decreased with increasing spatial scales, showing mixed effects of limited dispersal and
habitat variability. Moreover, neutral diversity patterns can be explained by ‘balanced’ species—species
interactions, as are characteristic of species-rich forests [7]; therefore, this finding is in accordance with
a low-significance departure from the null models of species-species interactions in our study.

5. Conclusions

The general hypotheses—that stochastic effects dilute species associations in highly diverse
communities making them weak on average and that non-random patterns occur mainly on local
neighborhood scales—are confirmed by our findings. Intra-species distribution patterns at local
scales may be regulated by dispersal limitation and habitat variability. On small scales, dispersal
limitation was the main driver of species aggregation. However, environmental variability regulated
species distribution on larger scales by separating conspecific trees in space. Overall, low numbers
of non-neutral interactions (i.e., attraction or repulsion) between tree species were observed in both
plots, mainly due to tree performance that equilibrates and produces neutral bivariate patterns in
the spatial distribution of tree species. Individual species-area relationship analysis confirmed that
species—species interactions operate only in local plant neighborhoods on scales smaller than 30 m.
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Moreover, individual species-area relationships are also affected by the mixed effects of limited
dispersal and habitat segregation, and occur on local neighborhood scales. For further studies,
the effects of topographical variables on tree species associations and their spatial autocorrelations
with forest stand properties should be considered for a comprehensive assessment.
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Appendix A
Table Al. Characteristics of common species in both study plots. N—number of individuals,

IVI—Important Value Index, (relative abundance + relative basal area)/2, expressed as percentage
proportion. DBH—Diameter at Breast Height (mean + Standard deviation).

. r1 P2 Shade
No Tree Species

N DBH (cm) IVI (%) N DBH (cm) 1VI (%) Tolerance

1 Garuga pierrei Guillaumin 282 10.08 £ 10.89 8.985 232 11.30 4+ 13.26 7.72 Tolerant
2 Tarrietia javanica Blume 383 5.62 +6.39 7.285 330 4.52 £3.58 5.14 Intolerant
3 Ormosia balansae Drake 138 17.05 £+ 12.97 7.26 187 14.75 +10.81 6.605 Intolerant
4 Bursera tonkinensis Guillaumin 384 6.15 + 4.16 6.72 253 6.67 +4.12 441 Medium
5 Paviesia annamensis Pierre. 240 9.18 £7.64 6.025 239 6.94 4 4.86 4.325 Intolerant
6 Litsea glutinosa (Loureiro) C.B. Rob. 229 8.06 + 6.21 4.965 264 8.26 + 6.70 5.495 Intolerant
7 Castanopsis indica (Rox. ex Lin.) A. 168 10.21 + 8.27 4.65 - - Intolerant
8 Polyalthia nemoralis Aug.DC. 303 5.02+1.77 4.58 244 553 4 1.88 3.78 Intolerant
9 Syzygium wightianum Wall. ex 179 936 +7.04 4405 81 1156 +8.17 1545  Intolerant

Wig. & Arn.

10 Erythrophloeum fordii Oliver 63 18.52 £ 15.35 3.96 36 19.33 +21.97 2475 Medium
11 Mallotus kurzii Hook.f. 265 4.01 +0.98 3.76 114 3.71+0.73 1.63 Intolerant
12 Amoora dasyclada C.Y. Wu 148 7.99 £6.73 3.285 96 8.89 £+ 6.93 2.08 Medium
13 Cinnamomun obtusifolium Nees 100 10.71 £9.25 3.005 267 13.01 £ 10.59 8.51 Intolerant
14 Vatica odorata (Griff.) Symington 48 17.67 £ 15.90 2.945 48 23.46 + 16.73 3.24 Intolerant
15 Gironniera Subaequalis Planch 92 9.71 £ 6.65 227 137 11.19 £9.28 3.73 Medium
16 Endospermun sinensis Benth. 54 11.77 £13.18 2.14 83 21.67 +13.33 4.63 Intolerant
17 Sindora cochinchinensis auct. 41 165241344 2125 33 1577 +1419 2.77 Intolerant

non Baill.

18 Garcinia Zlfﬂg’é‘;i{‘:’” Chanp. 121 623+408 2115 67 6224348 1115 Tolerant
19 Canarium album (Lour.) DC. 46 15.01 + 8.88 1.79 155 11.03 + 6.04 3.685 Intolerant
20 Koilodepas hainanense 104 583+261 1.685 80 841 + 452 1.545 Tolerant

(Merr.) Croizat

21 Cassine glauca (Rottb.) Kuntze 74 841+ 551 1.59 89 8.69 +7.66 1.97 Tolerant
22 Vitex trifolia L. 33 14.83 £ 9.63 1.305 - - Intolerant
23 Litsea vang Lecomte 71 6.54 4 3.30 1.27 76 8.72 + 4.67 15 Intolerant
24 Symplocos laurina (Retz.) Wall. ex G. 55 9.31 £5.61 1.255 145 11.81 + 6.86 3.715 Intolerant
25 Alangium ridleyi King 40 7.89 +5.19 0.81 49 9.10 + 6.27 1.045 Tolerant
26 Engelhardtia roxburghiana Lindl. - - 63 28.78 £11.91 4.845 Tolerant
27 Antheroporum pierrei Gagnep - - 47 19.81 £7.39 2 Intolerant
28 Knema pierrei Warb. - - 46 10.05 + 4.86 0.99 Tolerant
29 Polyalthia cerasoides (Roxb.) Bedd. - - 33 25.59 + 20.80 14 Intolerant
30 Madjuca pasquier (Dubard) - - 32 1469 +£9.76 107 Medium

H.J. Lam
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Figure A1. Spatial patterns of all trees with DBH >10 ¢cm in two plots P1 and P2 using univariate
pair-correlation g-function (a,c,e,g) and L-function (b,d,f,h). Null models were CSR (a—b,e—f) and
IPP (c-d,g-h) with R = 50 m. In the P1, the g-function and L-function showed no large scale
departure from the null model of CSR (a,b) indicating environmental homogeneity. In the P2,
the g-function was significant (>1) for scales larger than 10 m (e), the L-function showed a clear
departure from scales r > 25 m and did not approach value 0 (f) under the null model of CSR. Moreover,
the spatial arrangement of trees >10 cm fitted very well under the null model of IPP with R = 50 m
(c—d,g-h) when analyzed by the g- and L-functions. These evidences significantly exhibited large
scale homogeneity at P1 and heterogeneity at P2. Note: L-function is a transformation of Ripley’s
K-function, L(r) = (K(r)/m)*> — r. The g pair-correlation function is the derivative of the K function,
8(r) =K'(r)/(27mr) and r is radius of the circle from a randomly chosen tree (please see more details
about K function in [23]).
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Abstract: Foundation species define and structure ecological communities but are difficult to identify
before they are declining. Yet, their defining role in ecosystems suggests they should be a high
priority for protection and management while they are still common and abundant. We used
comparative analyses of six large forest dynamics plots spanning a temperate-to-tropical gradient in
the Western Hemisphere to identify statistical “fingerprints” of potential foundation species based on
their size-frequency and abundance-diameter distributions, and their spatial association with five
measures of diversity of associated woody plant species. Potential foundation species are outliers
from the common “reverse-]” size-frequency distribution, and have negative effects on alpha diversity
and positive effects on beta diversity at most spatial lags and directions. Potential foundation species
also are more likely in temperate forests, but foundational species groups may occur in tropical
forests. As foundation species (or species groups) decline, associated landscape-scale (beta) diversity
is likely to decline along with them. Preservation of this component of biodiversity may be the most
important consequence of protecting foundation species while they are still common.

Keywords: abundance; Bray-Curtis; codispersion analysis; Smithsonian ForestGEO; Shannon
diversity; Simpson diversity; spatial analysis; species richness

1. Introduction

Foundation species (sensu [1,2]) define and structure ecological communities and entire ecosystems
through bottom-up control of species diversity and non-trophic modulation of energy and nutrient
cycles [3]. Foundation species tend to be common and abundant and generally receive less attention
from ecologists, regulatory agencies, or conservation biologists who are otherwise focused on the
study, management or protection of rare, threatened, or endangered species [4,5]. However, because
foundation species are likely to control the distribution and abundance of such rare species, it has been
argued that foundation species should be protected before their populations decline to non-functional
levels or disappear entirely [6].

Identification of foundation species, however, is challenging. It can take many years—often
decades—to acquire sufficient data to distinguish foundation species from species that also are common
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or abundant but lack “foundational” characteristics. In part, this is because the non-trophic effects of
foundation species [3] usually are more subtle and harder to detect than trophic (“who-eats-whom”)
interactions characteristic of keystone species (sensu [7,8]) or competitive interactions characteristic of
“dominant” (sensu [9]) species. If indeed we are in the midst of Earth’s sixth mass extinction [10], it is
imperative to prioritize the identification—and subsequent protection—of foundation species because
of the unique role they play in structuring diversity of associated species at a range of spatial scales.

Data from networks of observations and experiments focused on species distributions and
interactions (e.g., [11-14]) provide an opportunity to use specific statistical criteria to sieve large
numbers of species for candidate foundation species. Because one characteristic of foundation species
is that they control the diversity of associated species, we would predict that either the number of
species (species richness) or measures of diversity weighted by the abundance of individual species
would differ between plots that differ in size or abundance of foundation species [15]. We note
that there is no explicit or implicit magnitude or directionality of the effect of a foundation species
on associated diversity, but that foundational tree species tend to have lower species richness of
associated plants whereas foundational herbaceous species tend to have higher species richness of
associated plants [15]. Concomitantly, between-plot (beta) diversity is generally enhanced by the size
or abundance of foundation species [15].

Here, we leverage our knowledge that Tsuga canadensis (eastern hemlock) is a foundation species
in eastern North American forests [16] to explore whether statistical patterns of its abundance, size,
and effects on associated diversity of woody plant species in the large (35-ha) forest dynamics plot
at Harvard Forest have analogs among species in other large forest dynamics plots elsewhere in the
Western Hemisphere. The myriad foundational roles of Tsuga canadensis have been documented by
over a century of research [17], and it was the species that was first used to characterize foundation
tree species [2]. The effects of T. canadensis on associated species and the forest ecosystems they
create [15,16,18] also are similar to those of other dominant forest species since revealed as foundation
species [6].

For this study, we first identified candidate foundation species (henceforth “focal species”) in
five other forests across a temperate-to-tropical latitudinal gradient by comparing their size-frequency
and diameter-abundance distributions with those observed for T. canadensis at Harvard Forest.
We then used codispersion analysis [19] to explore positive and negative spatial associations between
foundation species and the diversity of co-occurring woody taxa. Codispersion analysis has been used
previously in forest ecology to explore patterns and processes in pairwise species co-occurrences [20],
relationships between species occurrences and underlying environmental gradients [21], and temporal
changes in spatial patterns of species abundances [22,23].

2. Materials and Methods

2.1. Forest Dynamics Plots in the Americas

We sought to identify potential foundation species and their relationships to diversity of associated
woody plant species in six of the large, permanent Smithsonian ForestGEO (Forest Global Earth
Observatory: https://forestgeo.si.edu/) Forest Dynamics Plots. These six plots (three in the north
temperate region of the United States and three in the American tropics) span a temperate-to-tropical
latitudinal and species-richness gradient in the Western Hemisphere (Figure 1). They are part of
the 67-plot global network of ForestGEO research sites that have been established continually since
1980 and re-surveyed at ~5-year intervals to monitor forest dynamics, effects of climate, and more
recently, carbon fluxes and associated microbial and macrobial fauna [24]. Importantly, data among
these plots are directly comparable because tree-census protocols are common to all ForestGEO plots.
All individuals of woody plant species (canopy and understory trees, understory shrubs, woody
vines and lianas) >1 cm in diameter at breast height (“DBH;” 1.3 m) are tagged, identified, measured,
and mapped at ~5-year intervals using standardized protocols [25].
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Figure 1. The geographic distribution of the six ForestGEO study sites we assessed for foundation
species and their effects on diversity of associated woody plants. The size of the symbols are
proportional to species richness of living woody species at each site: Wind River (20 species), Tyson (42),
Harvard Forest (51), Luquillo (135), Barro Colorado Island (297), and Amacayacu (1232).

The three temperate plots are all in the USA, and include Wind River in southwest Washington
State, Harvard Forest in Massachusetts, and Tyson Research Center in Missouri (Figure 1). The 25.6-ha
Wind River plot (“WR”; 45.82 °N) is located in a late-seral Pseudotsuga menziesii/ Tsuga heterophylla
forest of the T.T. Munger Research Natural Area of the Gifford Pinchot National Forest. WR is at
~2365 m a.s.l. and receives ~2500 mm of precipitation yr~!, much of which falls as snow, leading to
a 2-3 month summer dry season [26]. Half of the aboveground biomass at WFDP is concentrated
in trees > 93 cm DBH [27]. Regeneration of most species occurs preferentially in gaps created by
windthrow [28], and large-diameter trees strongly inhibit recruitment [29].

The 35-ha Harvard Forest plot (“HF”; 42.54 °N) is a mix of deciduous and evergreen trees located
at the Harvard Forest Long Term Ecological Research Site within the Worcester/Monadnock Plateau
ecoregion [30] of transition hardwood / Pinus strobus / Tsuga canadensis forests [31]. HF is at ~350 m a.s.1.
and receives 221150 mm of precipitation (as rain and snow) yr~! [32]. The HF plot is part of the Prospect
Hill tract at Harvard Forest and has a mixed history of land-use and disturbance that includes selective
logging and partial clearing for pasturage through the late 1800s, various outbreaks of nonnative
pathogens and insects in the 1900s, and periodic hurricanes (in 1815 and 1938) and ice storms (most
recently in 2008) [33-35].

The 20-ha Tyson plot (“TY”; 38.52 °N) is a late-successional temperate deciduous oak-hickory
forest located at Washington University in St. Louis” Tyson Research Center on the northeast edge
of the Ozark plateau. TY is at =200 m a.s.l. (elevational range 172-233 m a.s.1.), receives ~ 1000 mm
precipitation (as rain and snow) yr—!, and contains strong edaphic and topographic gradients typical
of the Missouri Ozarks [36,37]. Disturbance history at TY includes moderate grazing and selective
logging in the early 1900s [38] and extreme droughts in 1988 and 2012. TY has remained relatively
undisturbed by humans for ~80 years [38].

The three tropical plots are in the Caribbean, Central America, and South America. The 16-ha
Luquillo plot (“LFDP”: 18.20 °N) is located within the University of Puerto Rico’s El Verde Research
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Area of the Luquillo Experimental Forest on the Caribbean island of Puerto Rico. This wet tropical
forest (23500 mm rainfall yr—!) includes a mix of well-conserved and secondary stands (logged and
used for subsistence agriculture approximately a century ago) located at ~380 m a.s.l. [39]. Hurricanes
strike the region on average ~ every 50 years. The most recent large hurricanes (Category 2 or
higher) that affected the plot before the census data analyzed here were Hurricanes Hugo (1989) and
Georges (1998) [40]. These caused defoliation and branch breakage but relatively little damage to stems,
resulting in widespread recruitment of shrubs and sapling trees followed by subsequent thinning as
the canopy re-establishes [41].

The 50-ha plot on Barro Colorado island, Panama (“BCI”; 9.15 °N) is on a hilltop that became
an island when the Panama Canal was filled and Gatun Lake was created in 1914; the associated Barro
Colorado Nature Monument has been managed since 1923 by the Smithsonian Institution. BCI is at
~140 m a.s.l. and receives 222500 mm rainfall yr~?; five-six months of the year make up a pronounced
dry season that receives little rain [42,43]. Hurricanes have never been recorded at BCI, and gaps
created by single-to-multiple treefalls are the primary type of disturbance observed there [44]. At scales
from individual gaps to the entire BCI plot, species diversity is more strongly controlled by recruitment
limitation than gap dynamics [44].

The 25-ha Amacayacu plot (“AM": 3.8 °S) is located within the Amacayacu National Natural Park
in Colombia, near the joint border of Colombia, Peru, and Brazil. AM is at ~93 m a.s.l. within a wet
tropical (223200 mm rainfall ~1) terra-firme forest in the Colombian Amazon [45]. Although topographic
relief at Amacayacu varies only over 20 m, it is more tightly associated with woody plant distributions
than soil chemistry alone or in combination with topography [45].

2.2. Identifying Candidate Foundation Species

At HE, four trees numerically dominate the assemblage: Acer rubrum, Quercus rubra, Pinus strobus
and Tsuga canadensis. Decades of observational work throughout New England and experimental
work at Harvard Forest and elsewhere have consistently supported the hypothesis that T. canadensis is
a foundation species whereas the other three are not [16,17]. We started, therefore, by asking whether
commonly used graphical assessments of forest structure could distinguish T. canadensis from the
other three dominant species. Specifically, we first plotted a basic size-frequency plot for the entire
35-ha Harvard Forest plot; we used DBH of the living woody stems as the measure of tree size and
plotted the species-specific mean DBH against the total number of living stems of each of the 51 living
woody species in the plot (Figure 2). This size-frequency plot showed a typical “reverse-]” shape [46],
but the aforementioned four dominant species were “outliers”, well to the right of the “reverse-J”.
To explore the size-frequency relationship of these four species in a more fine-grained way—at the
scale at which interactions among individual trees is stronger—we rasterized the plot with a 20-m
grid [25]. We then plotted the total basal area of each of the four dominant tree species in each of
the 20 x 20-m contiguous subplots within HF (Figure 3). This diameter-abundance plot showed that
the foundation species T. canadensis dominated each subplot both numerically and in total basal area,
whereas in any given subplot, the other three dominant species either had many individuals or large
total basal area, but not both.
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Figure 2. Size-frequency distribution of the 51 living woody species in the Harvard Forest 35-ha plot.

Each point is the average diameter of all living stems >1-cm diameter for a single species. The four

dominant species (labeled in red; key to abbreviations in Table 1) fall well away from the expected

“reverse-]” distribution.

Total basal area (m2) per 20 x 20-m subplot

04

Species
tsugca

* querru
pinust
acerru

50 100 150

200

Number of individuals per 20 x 20-m subplot

Figure 3. Total basal area and abundance (per 20 x 20-m subplot) of the four dominant species in the
Harvard Forest 35-ha plot. Species abbreviations are given in Table 1.
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We then used these two graphical “fingerprints” to identify dominant species (in terms of
abundance and size) in the other five plots (Figures 4 and 5). This analysis identified distinctive
species in terms of departure from the “reverse-]” size-frequency distribution at the three temperate
plots (Tsuga heterophylla and possibly Pseudotusga menziesii and the subcanopy tree Acer circinatum at
WR; three Quercus spp. at TY), and at two of the tropical plots (the canopy tree Dacryodes excelsa and
the understory palm Prestoea acuminata at LFDP; and Eschweilera coriacea at Amacayacu) (Figure 4).
Other than P. menziesii, A. circinatum, and E coriacea, these species also had basal area-abundance
distributions similar to that seen for Tsuga canadensis at HF (Figure 5). For the tropical sites, we
also included in subsequent analyses species identified by the site PIs, who established these forest
dynamics plots and are co-authors of this paper, as being of known importance for forest dynamics
(Table 1). Among these, Oenocarpus mapora at BCI had a basal area-abundance distribution similar
to that seen for T. canadensis at HF (Figure 5), but it fell within the “reverse-]J” cloud of points in the
diameter-abundance distribution (Figure 4). We also included in our analysis several additional species
at WR and TY that were identified by the site PIs as ecologically important. These included the canopy
species Abies amabilis at WR and three Carya species at TY; and the understory or lower canopy species
Taxus brevifolia at WR; and Asimina triloba, Cornus florida, Lindera benzoin, and Frangula caroliniana at TY.
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Figure 4. Size-frequency distributions of the species in each of the six studied ForestGeo plots. Panels
are ordered from the northernmost temperate (top left) to equatorial (bottom right). Species that do not
lie on the “reverse-]” line or that were otherwise are thought to be “important” species (in the tropical
plots) are identified in red. Species abbreviations are given in Table 1.
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Figure 5. Total basal area and abundance (per 20 x 20-m subplot) of canopy tree species and two
tropical understory species identified in Figure 4 as “important” in the six studied ForestGeo plots.
Plots are ordered from the northernmost temperate (top left) to equatorial (bottom right). Species
abbreviations are given in Table 1.
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Table 1. List of focal canopy tree and understory species identified at the six sites using graphic
visualizations (Figures 4 and 5), and additional species included following discussions with site PIs.
Sites are ordered top-to-bottom from the northernmost temperate to equatorial, and species within
sites are ordered by basal area within canopy and understory species. Abbreviations are those used at
each site as species codes, and which are used in the legends and labeling of Figures 2-5. N is the total
number of live individuals of each species in each forest dynamics plot; DBH is the average diameter
(in cm) measured at 1.3 m aboveground (standard deviation in parentheses) for all individuals of
a given species in each forest dynamics plot; and BA is the total basal area (m?) of the species in each

ForestGEO plot.
Site Species Abbreviation N DBH (SD) BA
Wind River Tsuga heterophylla TSHE 9903 21.7 (25.35) 865.90
Pseudotsuga menzeisii PSME 564 101.1 (26.38) 483.32
* Abies amabilis ABAM 4481 7.9 (9.73) 55.08
*Taxus brevifolia TABR 1848 14.1 (8.15) 38.30
*Acer circinatum ACCI 7514 3.6 (1.99) 9.93
Harvard Forest Tsuga canadensis tsugca 22,880 10.8 (12.22) 476.03
Quercus rubra querru 3896 28.6 (13.38) 305.79
Acer rubrum acerru 9723 14.1 (8.94) 212.01
Pinus strobus pinust 2126 24.4 (18.30) 155.30
Tyson Research Center  Quercus alba quealb 2061 29.6 (16.24) 184.06
Quercus rubra querub 1547 30.1 (17.63) 147.49
Quercus velutina quevel 690 33.5(13.91) 71.25
*Carya tomentosa cartom 373 22.6 (12.76) 19.72
*Carya glabra cargla 188 25.2 (14.96) 12.66
*Carya ovata carova 190 17.6 (11.16) 6.48
*Cornus florida corflo 4500 5.1(2.43) 11.23
*Frangula caroliniana fracar 8674 2.0 (0.85) 3.32
*Lindera benzoin linben 4907 1.8 (0.66) 1.47
*Asimina triloba asitri 1610 24 (1.32) 0.94
Luquillo Dacryodes excelsa DACEXC 1544 21.2 (15.71) 84.28
*Cecropia schreberiana CECSCH 2902 10.0 (6.65) 32.95
*Prestoea acuminata PREMON 7707 14.3 (2.96) 128.82
Barro Colorado Island  Alseis blackiana alsebl 8680 5.4 (8.96) 74.79
Oenocarpus mapora oenoma 7387 8.6 (1.84) 44.57
Amacayacu Eschweilera coriacea Eschcori 2574 11.7 (12.53) 59.43
Eschweilera itayensis Eschitay 776 7.9 (13.74) 15.34
Otoba glycyarpa otobglyc 1124 7.5 (10.00) 13.78
Eschuweilera rufifolia Eschrufi 414 7.1(8.72) 4.10
Guarea pubescens Guarpube 1483 3.4 (3.95) 3.17
*Rinorea lindeniana Rinolind 1793 4.0 (2.93) 3.44

* Additional tree species suggested by site PI; *Understory species

2.3. Metrics of Forest Structure and Species Diversity

For each of the focal species (Table 1), we calculated the total number of stems, the total basal area
and the mean basal area at both the plot scale (Table 1) and within cells of the 20-m raster (i.e., each of
the contiguous 20 x 20-m subplots within each plot). In each subplot, for the remainder of the woody
plant community (i.e., all species other than the focal species), we calculated the total abundance of
stems, the total number of species, the Hill-number equivalents of Shannon’s diversity and the inverse
Simpson’s indices [47], and the mean Bray-Curtis dissimilarity (of each subplot relative to each of the
other subplots in the raster [48]; the latter is a measure of how “modal” or “outlying” each subplot is
in its species composition relative to all other grid cells. For the calculation of Bray-Curtis dissimilarity,
empty grid cells (i.e., those with no species other than the focal species) were assigned a dummy-value
(“empty”) to allow the calculation of all pairwise dissimilarities; this means that all empty cells appear
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to be maximally different from occupied cells, but maximally similar to each other. For all datasets,
we used only the records for the main stem of each species, thus removing any additional stems;
this eliminated the problem in spatial analyses of having multiple stems at the same point location.
Initial exploration of the data showed that the effect of removing additional stems (primarily of small
shrubs) on relative patterns in stem abundance and basal area was negligible for most species across all
datasets. The diversity() and vegdist() functions in the R vegan package [49] were used for calculating
each diversity metric.

2.4. Codispersion Analysis

Codispersion analysis quantifies the spatial association between two variables measured at
individual spatial locations or on a grid [19]. Here, we examined codispersion between the total basal
area of each focal species in each subplot of the 20-m raster versus each of the community metrics
summarizing the diversity and composition of the other species in same subplot [20]. The spatial
association quantified by the codispersion coefficient ranges from —1 to 1, where positive values
represent a positive spatial association and negative values represent a negative spatial association.
The results are presented as a hemispherical codispersion graph, which shows how the coefficient
changes with distance (i.e., spatial lags) and direction (angles around a hemisphere). Thus, differences
observed at different spatial lags indicate the scale(s) over which spatial processes are operating within
the forest plots, whereas differences in the strength or sign of the correlation in different directions
are diagnostic of anisotropic spatial processes [20]. To ensure sufficient sample size when computing
codispersion coefficients between measurements made in 20-m grid cells (the size of each subplot), we
used spatial lags in 20-m intervals from 20 to one-quarter the size of the minimum dimension of each
plot [50]. We calculated codispersion coefficients using code custom-written and compiled in C (to
reduce computation time), but with a link to R that allows for easy manipulation of input and output
datasets [51].

2.5. Significance Testing with Null Model Analysis

For each dataset, focal species, and community metric combination, we recalculated the
codispersion 199 times using the observed focal species total basal area raster and both (1) community
metric rasters calculated from the point-pattern of the other species under a random shift around a torus
(“toroidal-shift" null model) and (2) a spatially randomized raster of the community metric for the other
species in the community (“CSR” null model) [21]. For each null model, the observed codispersion
value for each cell was then compared to the distribution of the 199 null values and deemed significant
if it fell outside 95 percent of the values (i.e., a two-tailed test). The toroidal-shift null model breaks the
spatial association between the focal species and the other species in the community but retains any
larger-scale spatial patterns, making this test slightly more conservative because it accounts for spatial
patterns caused by the environment. In contrast, the CSR null model breaks the spatial association
between the focal species and the other species in the community and simultaneously randomizes any
larger-scale spatial patterns caused by environmental patchiness in the plots.

2.6. Data and Code Availability

Each of the ForestGeo plots were established at different times and have been censused every
five years. To maximize comparability among datasets, we used data collected within a fifteen year
period: the first censuses at Wind River (2010-2011), Harvard Forest (2010-2012), Tyson (2011-2013),
and Amacayacu (2008-2009), the third census at Luquillo (2000), and the eighth census at BCI (2015).
All datasets are available from the ForestGEO data portal https:/ /ctfs.si.edu/datarequest). R code for
all analyses is available on GitHub (https://github.com/buckleyhannah/FS_diversity).
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3. Results

3.1. Forest Structure and Species Diversity

Across the entire plots and within the 20 x 20-m subplots, abundance (number of main stems) of
the hypothesized foundation species and other focal species was highest in the three temperate plots
(Table 1, Figure 6). The average and total basal area of these same species were highest at Wind River
(Tsuga heterophylla) and Harvard Forest (Tsuga canadensis) in the temperate region, at least 2-4-fold
greater than the most abundant important species in the tropical plots (Dacryodes excelsa at Luquillo
and Alseis blackiana at BCI) (Table 1, Figure 6). Note that focal species were absent in some of 20 x 20-m
subplots at both BCI and AM (white cells in the bottom two rows of Figure 6). In contrast, abundance,
richness, Shannon diversity and Simpson’s diversity of associated species were substantially higher in
the three tropical plots than in any of the temperate plots (Figure 7). Average subplot-wise Bray-Curtis
dissimilarity of associated species was higher in the three temperate plots and at Amacayacu than at
Luquillo or BCI (Figure 7). Note that only focal species were present in many of the 20 x 20-m subplots
at WR and in a handful of 20 x 20-m subplots at HF and TY (white cells in Figure 7).
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Figure 6. Abundance, total basal area, and mean basal area of all hypothesized foundation species
and other focal species (Table 1) in the six 20-m rasterized forest dynamics plots. Sites are ordered
top-to-bottom by decreasing latitude, and each plot is scaled relative to the 50-ha BCI plot. White
squares in the BCI and AM panels indicate none of the focal species were present in that subplot.
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Figure 7. Abundance, species richness, two measures of species diversity, and one measure of beta
diversity for all species other than the focal species (Table 1) in the six 20-m rasterized forest dynamics
plots. Sites are ordered top-to-bottom by decreasing latitude, and each plot is scaled relative to the
50-ha BCI plot. White squares in the WR, HF, and TY panels indicate that only the focal species were
present in that subplot.

3.2. Codispersion Between Focal Species and Associated-species Diversity at Harvard Forest

As with our initial screen for candidate foundation species, in which we used a graphical
“fingerprint” observed for Tsuga canadensis at HF to screen for important species at other sites
(Figures 2-5), we first examined the codispersion statistics and graphs illustrating spatial associations
between metrics of woody plant diversity and total basal area of Tsuga canadensis relative to the other
three dominant tree species at HF within 20 x 20-m subplots.

At all spatial lags (computed from 20-125 m) and directions, the strongest and most consistently
significant measures of codispersion between total basal area and metrics of associated-species
diversity at Harvard Forest were observed for the foundation species, T. canadensis (Figure 8, Table Al).
Total basal area of T. canadensis was negatively spatially associated at all spatial lags and directions
with the total abundance, species richness, Shannon diversity, and inverse Simpson’s diversity of
associated-woody species, but was positively spatially associated at all spatial lags and directions
with average Bray-Curtis dissimilarity (Figure 8, Table A1). All of these codispersion coefficients—at
virtually all spatial lags and directions—were significant relative to those generated with the more
conservative toroidal-shift null models (Figure 9). The few codispersion coefficients that were not
significant when tested with the more conservative toroidal-shift null model were significant when
tested with the CSR null model (Figure 10). In contrast, codispersion between total basal area of
the other three focal species at HF and all metrics of associated-species diversity were weaker and
inconsistently significant (Figures 8-10, Table A1). Only the consistently positive codispersion between
Q. rubra and either abundance of associated woody species or Bray-Curtis dissimilarity were always
significant relative to null expectation (Figures 9 and 10). Overall, the absolute value of the mean
or median codispersion between total basal area of T. canadensis and metrics of associated-species
diversity ranged from 2-10-times greater than the mean or median codispersion between the total
basal area of any of the other three dominant tree species and measures of associated-species diversity
(Table AT1).
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Figure 8. Codispersion between measures of diversity and total basal area of the four focal species in
20 x 20-m subplots in the 35-ha Harvard Forest plot. Codispersion coefficients were calculated for
spatial lags ranging from 0-125 m at 20-m intervals. The value of the codispersion coefficient can range
from —1 (dark blue) through 0 (white) to 1 (dark red). Statistical significance of each codispersion
coefficient is shown in Figure 10. Summaries of codispersion values are given in Table A1).
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Figure 9. Statistical significance (red: P < 0.05; blue: P > 0.05) of the codispersion coefficients
calculated between measures of diversity and total basal area of the four dominant species in 20 x 20-m
subplots in the 35-ha Harvard Forest plot (Figure 8). Statistical significance was determined by
comparing observed codispersion at each spatial lag with a distribution of 199 spatial randomizations

of a toroidal-shift null model.
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Figure 10. Statistical significance (red: P < 0.05; blue: P > 0.05) of the codispersion coefficients
calculated between measures of diversity and total basal area of the four dominant species in 20 x 20-m
subplots in the 35-ha Harvard Forest plot (Figure 8). Statistical significance was determined by
comparing observed codispersion at each spatial lag with a distribution of 199 spatial randomizations
of a CSR null model.

3.3. Codispersion Between Focal Tree Species and Associated-Species Diversity at the Other Five Sites

3.3.1. Trees at temperate sites

Observed patterns of codispersion between total basal area of focal species and metrics of
associated-species diversity at WR and TY were qualitatively similar to those observed for the
non-foundation species at HE. At WR, codispersion between total basal area of Tsuga heterophylla
and all measures of diversity was consistently negative (Figure 11) but only significant at all lags and
directions for abundance and richness of associated species (Figure A1). Values of codispersion at
WR between T. heterophylla and associated-species diversity were much lower than those observed
for T. canadensis but similar to those observed for Q. rubra at HF (Table A1). Codispersion between
total basal area of Pseudotsuga menziesii and Bray-Curtis similarity was positive, and was significant for
about two-thirds of the lags and directions when assessed with the toroidal-shift null model (Figure 12)
but not the CSR null model (Figure Al).

At TY, codispersion between associated-species abundance and richness and basal area of two
of the oaks—Quercus alba and Quercus rubra—was negative and consistently significant (Figures 13
and 14 and Figure A2). Codispersion between Shannon diversity of associated-species and basal
area of Q. rubra was also consistently and significantly negative (Figures 13 and 14 and Figure A2).
Codispersion between Bray-Curtis dissimilarity and basal area of Q. alba and Carya ovata were
significantly positive and negative, respectively (Figures 13 and 14 and Figure A2). As at WR, the range
of observed, significant, codispersion values measured at TY paralleled those measured for Q. rubra at
HF (Table Al). A notable exception were the values of codispersion between basal area of Q. rubra at
TY and associated-species richness, which were nearly identical to that observed for T. canadensis at
HF (Table Al).
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Figure 11. Codispersion between measures of diversity and total basal area of the three focal tree
species in 20 x 20-m subplots in the 25.6-ha Wind River plot. Codispersion coefficients were calculated
for spatial lags ranging from 0-105 m at 20-m intervals. The value of the codispersion coefficient can
range from —1 (dark blue) through 0 (white) to 1 (dark red). Statistical significance of each codispersion
coefficient is shown in Figures 12 and Al. Summaries of codispersion values are given in Table A1).

Abies amabilis Pseudotsuga menzeisii Tsuga heterophylla

Awejwissip
sinD-Aeig
uea|y

sseuyary

uouueys

patial lag in Y (m)

S
o~
S o
P

uosdwig
ESEN]

souepunge
leloL

T T
-50 0 50

Spatial lag in X (m)

Figure 12. Statistical significance (red: P < 0.05; blue: P > 0.05) of the codispersion coefficients
calculated between measures of diversity and total basal area of the three focal tree species in 20 x 20-m
subplots in the 25.6-ha Wind River plot (Figure 11). Statistical significance was determined by
comparing observed codispersion at each spatial lag with a distribution of 199 spatial randomizations
of a toroidal-shift null model. See Figure Al for significance testing using a CSR null model.
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Figure 13. Codispersion between measures of diversity and total basal area of the six focal tree
species in 20 x 20-m subplots in the 20-ha Tyson Research Center plot. Codispersion coefficients were
calculated for spatial lags ranging from 0-150 m at 20-m intervals. The value of the codispersion
coefficient can range from —1 (dark blue) through 0 (white) to 1 (dark red). Statistical significance of
each codispersion coefficient is shown in Figures 14 and A2. Summaries of codispersion values are

given in Table Al).
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Figure 14. Statistical significance (red: P < 0.05; blue: P > 0.05) of the codispersion coefficients

calculated between measures of diversity and total basal area of the six focal tree species in 20 x 20-m

subplots in the 20-ha Tyson Research Center plot (Figure 13). Statistical significance was determined by

comparing observed codispersion at each spatial lag with a distribution of 199 spatial randomizations

of a toroidal-shift null model. See Figure A2 for significance testing using a CSR null model.

3.3.2. Trees at Tropical Sites

Codispersion between tree size or abundance and measures of associated-species diversity at
the three tropical sites were much weaker than at the temperate sites (Figures 15-17), and were
less frequently statistically significant for most spatial lags or directions (Figures 18-20 and
Figures A3-A5). Notable exceptions included: positive codispersion between basal area of Dacryodes
excelsa and Bray-Curtis dissimilarity at LFDP (Figure 15); negative codispersion between basal area
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of Oenocarpus mapora and associated-species richness and abundance at BCI (Figure 16); and positive
codispersion between basal area of O. mapora and associated-species Simpson’s diversity at BCI
(Figure 16). In all cases, however, values of codispersion were much less than that observed for Q. rubra
at HF (except for codispersion between basal area of O. mapora and associated-species abundance,
which was similar to that of Q. rubra at HF) (Table A2). At Amacayacu, the most species-rich site,
total basal area of the dominant tree species had small and rarely significant spatial associations with
metrics of diversity of associated woody species (Figures 17 and 20 and Figure A5).
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Figure 15. Codispersion between measures of diversity and total basal area of the two focal tree species
in 20 x 20-m subplots in the 16-ha Luquillo plot. Codispersion coefficients were calculated for spatial
lags ranging from 0-80 m at 20-m intervals. The value of the codispersion coefficient can range from
—1 (dark blue) through 0 (white) to 1 (dark red). Statistical significance of each codispersion coefficient
is shown in Figures 18 and A3.

3.4. Codispersion Between Focal Understory Species and Associated-species Diversity

Understory species were included in our focal species list at two temperate sites (WR, TY)
and two tropical sites (LFDP, AM) (Table 1; Figures A6—A11; Tables A3 and A4). Of all of these,
consistently significant codispersion between basal area and any metrics of associated-species diversity
was observed only for Acer circinatum at WR, Cornus florida at TY, and Rinorea lindeniana at AM
(Figures A10 and A11). At WR, codispersion between basal area of A. circinatum and both Shannon
and Simpson diversity was consistently negative, but was consistently positive with Bray-Curtis
dissimilarity (Figures A6—-A8). At AM, the pattern was reversed. There, codispersion between basal
area of R. lindeniana and both Shannon and Simpson’s diversity were consistently positive, but was
consistently negative with Bray-Curtis dissimilarity (Figures A9-A11), and were of the same magnitude
or lower than that observed for Q. rubra at HF (Table A4). At TY, codispersion between basal area of
C. florida and both associated-species richness and Bray-Curtis similarity were consistently negative
(Figure A6 and of low magnitude (Table A3).
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Figure 16. Codispersion between measures of diversity and total basal area of the two focal tree species
in 20 x 20-m subplots in the 50-ha BCI plot. Codispersion coefficients were calculated for spatial lags
ranging from 0-125 m at 20-m intervals. The value of the codispersion coefficient can range from —1
(dark blue) through 0 (white) to 1 (dark red). Statistical significance of each codispersion coefficient is
shown in Figures 19 and A4.
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Figure 17. Codispersion between measures of diversity and total basal area of the five focal tree species
in 20 x 20-m subplots in the 25-ha Amacayacu plot. Codispersion coefficients were calculated for
spatial lags ranging from 0-125 m at 20-m intervals. The value of the codispersion coefficient can range
from —1 (dark blue) through 0 (white) to 1 (dark red). Statistical significance of each codispersion
coefficient is shown in Figures 20 and A5.
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Figure 18. Statistical significance (red: P < 0.05; blue: P > 0.05) of the codispersion coefficients
calculated between measures of diversity and total basal area of the two focal tree species in
20 x 20-m subplots in the 16-ha Luquillo plot (Figure 15). Statistical significance was determined by
comparing observed codispersion at each spatial lag with a distribution of 199 spatial randomizations
of a toroidal-shift null model. See Figure A3 for significance testing using a CSR null model.
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Figure 19. Statistical significance (red: P < 0.05; blue: P > 0.05) of the codispersion coefficients
calculated between measures of diversity and total basal area of the two focal tree species in
20 x 20-m subplots in the 50-ha BCI plot (Figure 16). Statistical significance was determined by
comparing observed codispersion at each spatial lag with a distribution of 199 spatial randomizations
of a toroidal-shift null model. See Figure A4 for significance testing using a CSR null model.
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Figure 20. Statistical significance (red: P < 0.05; blue: P > 0.05) of the codispersion coefficients
calculated between measures of diversity and total basal area of the five focal tree species in 20 x 20-m
subplots in the 25-ha Amacayacu plot (Figure 17). Statistical significance was determined by comparing
observed codispersion at each spatial lag with a distribution of 199 spatial randomizations of
a toroidal-shift null model. See Figure A5 for significance testing using a CSR null model.

4. Discussion

Foundation species in forests define and structure entire ecological communities primarily
through non-trophic effects such as providing physical points of attachment for associated species
(e.g., epiphytes), creating habitat for associated fauna (e.g., tree-holes), modulating hydrological flow of
adjacent streams, or altering the chemical composition of soils [2,3,52]. Forest foundation species most
frequently are common, abundant, and large, and have been identified more frequently in temperate
forests [2,53] than in tropical ones [2]. Ellison et al. [2] suggested that foundation tree species would be
more likely in comparatively species-poor temperate forests because functional redundancy among
trees there would be much less common than in species-rich tropical forests (e.g., [54,55]). In partial
support of this idea, Lamanna et al. presented data showing a peak in the size of functional-trait
space for tree assemblages growing at mid-latitudes (where our temperate plots are located) but more
narrow functional-trait space for tropical assemblages [56]; see also [57]. These analyses imply that
foundation tree species should be less common in very high latitude ecosystems (examined in more
detail by [56] than by [57]). In those ecosystems, low-growing perennial, cushion- and tussock-forming
plants have been found to be foundation species (e.g., [58]).

Indeed, the goal of testing community ecology’s neutral theory (which posits that differences
among trophically similar species, such as trees, are irrelevant to their demographic success and
subsequent spatial distribution), deriving from Hubbell’s work in a 13-ha plot in Costa Rica [59,60],
in part motivated the establishment of the 50-ha plot at BCI in 1980 and subsequently other tropical
forest dynamics plots. Although neutral theory has been supported for some distributional patterns in
many tropical forests, it fails in others [61]. Niche theory (which posits functional non-equivalence of
co-occurring, trophically similar species) more strongly fits data observed in temperate forests [62] and
many tropical ones, too [61]. Thus, there is no a priori reason to suspect on functional grounds that
foundation species should be less likely to occur in tropical forests than in temperate ones. We note also
that the definition of foundation species [1,2] implicitly assumes that they always have non-neutral
effects on the systems they define. However, it is plausible that the high abundance of these species
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causes them to have neutral influences on co-occurring species via ecological drift (i.e., by keeping local
populations of associated species at low abundance, contributing to their demographic stochasticity).
This might help explain why the basal area of the potential foundation species we examined was
often negatively correlated with local species richness but positively correlated with beta diversity of
associated species.

Despite the ecological importance of foundation species, it has proven challenging to identify
plausible foundation species from among groups of locally dominant species or those that are perceived
by various criteria to have importance in particular systems. It has taken decades of observational and
experimental work to support the hypothesis that Tsuga canadensis is a foundation species in eastern
North American forests [16] and that Pinus albicaulis is a foundation species in high-elevation western
North American forests [53]. In both cases, their foundational characteristics were identified only as
these species were declining [2]. If foundation species really are of critical importance for associated
biodiversity, it is crucial that they be identified and protected while they are still common, locally
abundant, and present in their full size distribution [6,27]. Because experiments on forest trees can take
decades to centuries (and are generally impractical with longer-lived species), alternative approaches
to identifying foundation forest species are needed.

Our statistical screening of abundance and size data from six large forest dynamics plots suggested
particular characteristics of potential foundation species from two different size-frequency and
diameter-abundance distributions (Figures 2-5). The foundation species T. canadensis was a notable
outlier from the “reverse-]” distribution of abundance versus mean diameter in the entire Harvard
Forest 35-ha forest dynamics plot (Figure 2) and had a much greater range and spread of values of total
basal area versus abundance in the 20-m rasterized plot (Figure 3). A similarly small set of species that
had similar characteristics were identified in the other forest dynamics plots we analyzed (Figures 4
and 5), with more candidates identified in the temperate plots than the tropical ones. This result is
not especially surprising, as the more even abundance distributions of most tropical forests suggest
that any species with both of these screening characteristics would be less common in the tropics.
Alternatively, groups of species with similar traits (e.g., the Eschweilera species [Lecythidaceae] at AM,
Dipterocarpaceae in Southeast Asia, or Quercus species at TY) or particular characteristics of individuals
themselves (e.g., very large trees [26,27]) could have disproportionate influence akin to foundational
characteristics in the forests in which they occur. This hypothesis is in need of additional exploration.

We also note that departures from the “reverse-]” size-frequency distribution may depend on
when in succession a stand is sampled [63]. For example, abundance of early seral species (such as
Pseudotsuga menziesii at WR) may initially be very abundant but relatively small. Because P. menziesii
has been decreasing in abundance for at least the last 200 years at WR [64], it might be identified
as a candidate foundation species in a 300-year-old stand, but not in the older forest dynamics plot
at WR. That both the subcanopy A circinatum and the late-seral T. heterophylla basically mirror the
position of P. menziesii in the size-frequency plot (Figure 4) adds some support for this hypothesis.
Conversely, the foundational characteristics of T. heterophylla suggested by Figures 4 and 5 might not
yet be manifest this early in succession (cf. [63]). Related to this, some of the species that fall off the
“reverse-]” have intermediate shade-tolerance and their role is likely to change during succession.

Subsequent analysis of spatial relationships between these candidate foundation species, along
with others of known ecological importance (Table 1), and metrics of diversity of associated species
pointed to attributes of T. canadensis shared by only a few other species. These included codispersion
values >|0.25| at virtually all spatial lags and directions for two or more metrics of diversity that
were often negative for measures of abundance or alpha-diversity (within-subplot species richness,
Shannon diversity, or inverse-Simpson’s diversity) but positive for a measure of beta diversity (average
subplot Bray-Curtis dissimilarity). That is, foundation species are negatively correlated with diversity
of associated species at local (within-subplot) spatial scales where they dominate the vegetation but are
positively associated with beta diversity at the larger (between subplot) spatial scale of the whole-plot.
In virtually all cases (a notable exception being Pseudotsuga menziesii at WR), little effect of underlying
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environmental patchiness was observed: the toroidal-shift null model and the CSR null model gave
nearly identical results, with the toroidal-shift null model being predictably more conservative.

By these criteria, candidates for additional, more detailed study for their foundational roles
include Acer circinatum at WR, Dacryodes excelsa at Luquillo, and Oenocarpus mapora at BCI (Figures 15
and 16 and Figure A6). In the western Cascades of Oregon, A. circinatum is a major component of the
subcanopy, where it can grow rapidly, have high biomass, and form broad canopies that suppress
other species [65,66]. This suppression of recruiting species could lead to negative association between
A. circinatum basal area and local diversity of associated species (as is also seen with T. canadensis in
eastern North American forests). At Luquillo, adult D. excelsa dominates ridges where trees form root
grafts that may, in part, explain their relatively low hurricane mortality (<1%) [67,68]. Dacryodes excelsa
saplings also grow more rapidly than saplings of other late successional species [68], which may
explain the lack of pole-sized individuals in their populations [67]. Finally, O. mapora alters litter
quality and quantity and the local microenvironment, and limits establishment of small-seeded and
shade-intolerant species at BCI [69].

Disturbance frequency also may play a role in both statistical “fingerprints” of foundation species.
For example, intermediate disturbance regimes (moderately frequent disturbances of moderate size
and severity, such as small understory fires, multi-tree blowdowns, or selective harvesting) could
push mid-successional, shade-intermediate species such as Q. rubra or A. rubrum at Harvard Forest
back into the “reverse-]” distribution. At the same time, successional dynamics of these species
(especially recruitment and prolonged growth) could result in transient conditions whereby they
have both relatively high basal area and large numbers of small individuals in any given subplot.
Where these species fall within the fingerprints, therefore, may indicate how their life-history traits
are aligned with the frequency and type of local disturbances. How foundation species exert control
on disturbance regimes in forests has not been previously explored. It would be useful to explore
how positive feedbacks between a forest foundation species and local disturbances (especially fire,
small windstorms or microbursts, and treefalls) could affect size-frequency and diameter-abundance
distributions of associated species. These processes also are likely to differ in temperate and tropical
forests (e.g., [70-72]).

Although local diversity of associated woody species is lower in the presence of foundation
species, local diversity of other taxa associated with foundation species is often higher or composed
of unique assemblages. Non-woody vascular and especially nonvascular plant taxa, and fauna are
rarely sampled at the individual tree scale or in every 20 x 20-m subplot in large forest dynamics
plots, but a handful of other studies have examined associations between these taxa and either
T. canadensis or our candidate foundation species. For example, T. canadensis hosts unique assemblages
of arthropods [73-76]. Acer circinatum is associated with a diverse and abundant assemblage of
epiphytes [77]. At Luquillo, higher numbers of invertebrate species are associated with Dacryodes
excelsa than with other dominant canopy species (including Cecropia schreberiana) [78], but abundances
and herbivory rates of invertebrates on D. excelsa are lower than on other co-occurring species [79].
Several understory palms, including O. mapora, recently have been described as “terrestrial litter
trappers” [80] that collect leaf litter at the base of their foliage. Two other litter-trapping palms,
Asterogyne sociale and A. spectabilis, have very large numbers of arthropods in the trapped litter [81];
comparable studies with O. mapora would provide a useful comparison with the known and potential
foundation species discussed here.

Finally, species like T. canadensis, P. menziesii and D. excelsa “name” their communities: hemlock,
Douglas-fir, and tabonuco forests, respectively. The forest stands they dominate are easily identifiable
as distinctive patches on the landscape. When a foundation species like T. canadensis declines,
the associated regional or landscape-scale beta diversity is likely to decline along with it. Such
regional homogenization—as indicated by lower Bray-Curtis values—is more characteristic of the
majority of our focal species and would be a likely consequence of the loss of our candidate foundation
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species. It is precisely this larger-scale heterogeneity that may be the greatest value gained by protecting
foundation species while they are still common.

5. Conclusions

Foundation species define and structure ecological communities but are difficult to identify
before they are declining. Comparative analyses of six large forest dynamics plots spanning
a temperate-to-tropical gradient in the Western Hemisphere identified statistical “fingerprints” of
potential foundation species. Specifically, known and potential foundation species are outliers from
the common “reverse-]” size-frequency distribution, and have negative effects on alpha diversity and
positive effects on beta diversity at most spatial lags and directions. Potential foundation species
appear to be more likely in temperate forests, whereas in tropical forests, foundational characteristics
may be more likely to occur in species groups within genera or families. As foundation species
(or species groups) decline, local (alpha) diversity may increase but landscape-scale (beta) diversity
is likely to decline along with them. Preservation of beta biodiversity may be the most important
consequence of protecting foundation species while they are still common.
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Appendix A. Supplemental Tables and Figures

Table Al. Codispersion statistics for focal tree species in temperate forests (Figures 8-20 and Figures A1 and A2).

Site Species Diversity Metric Min  Median Mean (SD) Max
WR  Pseudotsuga menzeisii Bray-Curtis 0.05 0.11 0.11 (0.02) 0.15
Richness —0.21 —0.14  —0.13(0.05) —0.06

Shannon —-0.15 —0.07 —0.07 (0.04) 0.02

Simpson —0.08 —0.01 0(0.04) 0.08

Abundance —0.11 —0.03  —0.04 (0.04) 0.03

Tsuga heterophylla Bray—Curtis —0.04 0.01 0.01 (0.03) 0.06
Richness —0.31 —0.27  —0.27 (0.03) —0.21

Shannon -0.13 —0.09  —0.09 (0.03) —0.03

Simpson —0.09 —0.04 —0.04 (0.03) 0.03

Abundance —047 —0.44 —0.43 (0.03) —0.35

Abies amabilis Bray—Curtis —0.14 0.03 0.02 (0.04) 0.07
Richness 0.04 0.09 0.1 (0.04) 0.17

Shannon —0.02 0.01 0.02 (0.03) 0.08

Simpson —0.06 0.01 0(0.03) 0.06

Abundance 0.03 0.13 0.13 (0.04) 0.19

HF  Acer rubrum Bray—Curtis 0.01 0.06 0.07 (0.03) 0.13
Richness —0.01 0.11 0.11 (0.04) 0.19

Shannon —0.05 0.05 0.05 (0.03) 0.11

Simpson —0.04 0.07 0.07 (0.04) 0.14

Abundance —0.06 —0.01 0(0.02) 0.05

Pinus strobus Bray—Curtis —0.1 —0.04 —0.04 (0.04) 0.07
Richness —0.09 —0.01 0(0.05) 0.09

Shannon —0.06 0.03 0.02 (0.04) 0.09

Simpson —0.03 0.07 0.07 (0.05) 0.17

Abundance —0.21 —0.09 —0.11 (0.06) —0.02

Quercus rubra Bray—Curtis —0.28 —0.21 —0.2 (0.05) —0.07
Richness —0.2 —0.11 —0.12 (0.05) 0

Shannon -0.11 0 0 (0.06) 0.12

Simpson —0.05 0.09 0.09 (0.08) 0.24

Abundance —0.4 —0.28  —0.27(0.07) -0.1

Tsuga canadensis Bray—Curtis 0.12 0.21 0.21 (0.05) 0.28
Richness —0.64 —0.49 —0.49 (0.08) —-0.29

Shannon —0.46 —0.34 —0.34 (0.07) —-0.17

Simpson —0.26 —0.2 —0.2 (0.04) —0.07

Abundance —0.45 —0.33  —0.34(0.06) —0.24

TY  Quercus alba Bray—Curtis —0.27 —0.18 —0.18 (0.05) —0.04
Richness —0.24 —0.18  —0.18(0.03) —0.12

Shannon —0.16 —0.08  —0.08 (0.04) 0.01

Simpson —-0.13 —0.03 —0.03 (0.05) 0.05

Abundance —0.26 —0.18 —0.19 (0.05) —0.09

Quercus rubra Bray—Curtis —0.18 —0.08 —0.09 (0.05) 0
Richness —0.55 -0.39 —0.39 (0.1) —0.21

Shannon -0.29 —-0.23  —0.22(0.05) —0.09

Simpson —0.2 —-0.1  —0.09 (0.06) 0.07

Abundance —0.42 —0.21 —0.22 (0.1) —0.05

Quercus velutina Bray—Curtis —0.16 —0.08 —0.07 (0.04) 0.06
Richness —0.14 0  —0.01(0.06) 0.1

Shannon 0.02 0.1 0.1 (0.04) 0.17

Simpson —0.01 0.13 0.13 (0.05) 0.22

Abundance -0.28 —-0.14  —-0.15(0.07) —0.01

Carya glabra Bray—Curtis —0.06 0.06 0.05 (0.04) 0.12
Richness —0.05 0.05 0.06 (0.07) 0.22

Shannon —0.16 —0.06 —0.07 (0.04) 0.04

Simpson —0.26 —0.18  —0.16 (0.05) 0

Abundance —0.09 0.11 0.09 (0.1) 0.25
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Table A1. Cont.

Site Species Diversity Metric Min  Median Mean (SD) Max
Carya ovata Bray—Curtis 0.04 0.15 0.14 (0.04) 0.22
Richness -0.1 0.08 0.07 (0.06) 0.17

Shannon —0.13 —0.02 —0.02 (0.04) 0.07

Simpson -0.13 —0.05  —0.06 (0.03) 0.03

Abundance —0.07 0.03 0.03 (0.05) 0.13

Carya tomentosa Bray—Curtis —-0.12 —0.04 —0.04 (0.05) 0.08
Richness —0.05 0.05 0.05 (0.05) 0.18

Shannon —-0.19 —0.04  —0.06 (0.05) 0.04

Simpson —0.26 —0.07 —0.09 (0.08) 0.02

Abundance —0.03 0.12 0.12 (0.1) 0.35

Table A2. Codispersion statistics for focal tree species in tropical forests (Figures 15-20 and Figures A1-A5).

Site Species Diversity Metric Min  Median Mean (SD) Max
Richness —0.04 0.04 0.03 (0.03) 0.09

Shannon —0.03 0.05 0.04 (0.03) 0.07

Simpson 0.01 0.07 0.06 (0.04) 0.12

Abundance 0.01 0.08 0.09 (0.05) 0.2

Dacryodes excelsa Bray—Curtis 0.12 0.19 0.19 (0.05) 0.28
Richness —0.28 —0.11 —0.11 (0.07) 0.03

Shannon —0.24 —0.1 —0.12 (0.06) —0.02

Simpson —-0.18 —0.09  —0.09 (0.05) —0.01

Abundance —0.12 —0.03  —0.03 (0.04) 0.04

BCI  Alseis blackiana Bray—Curtis —0.15 —0.11 —0.1(0.02) —0.05
Richness —0.12 —0.07  —0.07 (0.03) 0.01

Shannon -0.19 —0.12 —0.12 (0.04) —0.03

Simpson —-0.16 —0.09  —0.09 (0.03) —0.02

Abundance 0.01 0.05 0.05 (0.02) 0.1

Oenocarpus mapora Bray—Curtis 0.01 0.08 0.08 (0.03) 0.17
Richness -0.2 —0.14  —0.14 (0.02) —0.08

Shannon —0.01 0.06 0.06 (0.03) 0.11

Simpson 0.08 0.13 0.14 (0.03) 0.2

Abundance —0.39 —0.34 —0.34 (0.02) —-0.3

AM  Eschweilera coriacea Bray—Curtis —0.09 —0.05  —0.04(0.03) 0.06
Richness —-0.07 0.05 0.04 (0.03) 0.09

Shannon —0.06 0.01 0.01 (0.03) 0.08

Simpson —0.02 0.02 0.03 (0.03) 0.11

Abundance —0.04 0.09 0.09 (0.04) 0.18

Eschweilera itayensis Bray—Curtis —0.06 0.02 0.02 (0.03) 0.09
Richness -0.09 —0.02 —0.01 (0.03) 0.06

Shannon —0.11 —0.03 —0.03 (0.03) 0.03

Simpson —-0.1 —0.05  —0.04 (0.03) 0.04

Abundance —0.02 0.04 0.04 (0.03) 0.12

Eschuweilera rufifolia Bray—Curtis -0.12 —0.04  —0.05(0.03) 0.01
Richness —0.06 0.03 0.03 (0.04) 0.13

Shannon —0.09 0.01 0(0.04) 0.13

Simpson —0.12 —0.05 —0.05 (0.02) 0.02

Abundance —0.02 0.05 0.05 (0.03) 0.12

Guarea pubescens Bray—Curtis —0.14 —0.09 —0.09 (0.03) —0.04
Richness —0.01 0.09 0.09 (0.03) 0.14

Shannon 0 0.08 0.08 (0.03) 0.15

Simpson —0.01 0.03 0.04 (0.04) 0.18

Abundance 0.01 0.1 0.1 (0.03) 0.17

Otoba glycarpa Bray—Curtis —0.16 —0.11 —0.1(0.04) 0.04
Richness —0.02 0.13 0.11 (0.05) 0.19

Shannon 0 0.11 0.11 (0.04) 0.17

Simpson 0 0.07 0.07 (0.03) 0.13

Abundance —0.05 0.1 0.09 (0.05) 0.17
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Figure Al. Statistical significance (red: P < 0.05; blue: P > 0.05) of the codispersion coefficients
calculated between measures of diversity and total basal area of the four dominant species in 20 x 20-m
subplots in the 25.6-ha Wind River plot (Figure 11). Statistical significance was determined by
comparing observed codispersion at each spatial lag with a distribution of 199 spatial randomizations
of a CSR null model.
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Figure A2. Statistical significance (red: P < 0.05; blue: P > 0.05) of the codispersion coefficients
calculated between measures of diversity and total basal area of the six focal tree species in 20 x 20-m
subplots in the 20-ha Tyson Research Center plot (Figure 13). Statistical significance was determined by
comparing observed codispersion at each spatial lag with a distribution of 199 spatial randomizations
of a CSR null model.
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Figure A3. Statistical significance (red: P < 0.05; blue: P > 0.05) of the codispersion coefficients
calculated between measures of diversity and total basal area of the two focal tree species in 20 x 20-m
subplots in the 16-ha Luquillo plot (Figure 15). Statistical significance was determined by comparing
observed codispersion at each spatial lag with a distribution of 199 spatial randomizations of a CSR

null model.

Figure A4. Statistical significance (red: P < 0.05; blue: P > 0.05) of the codispersion coefficients
calculated between measures of diversity and total basal area of the two focal tree species in 20 x 20-m
subplots in the 50-ha BCI plot (Figure 16). Statistical significance was determined by comparing
observed codispersion at each spatial lag with a distribution of 199 spatial randomizations of a CSR

null model.
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Figure A5. Statistical significance (red: P < 0.05; blue: P > 0.05) of the codispersion coefficients
calculated between measures of diversity and total basal area of the five focal tree species in 20 x 20-m
subplots in the 25-ha Amacayacu plot (Figure 17). Statistical significance was determined by comparing
observed codispersion at each spatial lag with a distribution of 199 spatial randomizations of a CSR
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Figure A6. Codispersion between measures of diversity and total basal area of the focal understory
species in 20 x 20-m subplots in the 25.6-ha Wind River (Acer circinatum, Taxus brevifolia) and 20-ha
Tyson Research Center (Asimina triloba, Cornus florida, Frangula caroliniana, Lindera benzoin) plots.
Codispersion coefficients were calculated for spatial lags ranging from 0-80 m (WR) and 0-105 (TY) at
20-m intervals. The value of the codispersion coefficient can range from —1 (dark blue) through 0 (white)
to 1 (dark red). Statistical significance of each codispersion coefficient is shown in Figures A7 and A8.
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Figure A8. Statistical significance (red: P < 0.05; blue: P > 0.05) of the codispersion coefficients
calculated between measures of diversity and total basal area of the focal understory species in
20 x 20-m subplots in the 25.6-ha Wind River (Acer circinatum, Taxus brevifolia) and 20-ha Tyson
Research Center (Asimina triloba, Cornus florida, Frangula caroliniana, Lindera benzoin) plots (Figure A6).
Statistical significance was determined by comparing observed codispersion at each spatial lag with
a distribution of 199 spatial randomizations of a CSR null model.
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Figure A7. Statistical significance (red: P < 0.05; blue: P > 0.05) of the codispersion coefficients
calculated between measures of diversity and total basal area of the focal understory species in
20 x 20-m subplots in the 25.6-ha Wind River (Acer circinatum, Taxus brevifolia) and 20-ha Tyson
Research Center (Asimina triloba, Cornus florida, Frangula caroliniana, Lindera benzoin) plots (Figure A6).
Statistical significance was determined by comparing observed codispersion at each spatial lag with
a distribution of 199 spatial randomizations of a toroidal shift model.
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Prestoea acuminata Rinorea lindeniana
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Figure A9. Codispersion between measures of diversity and total basal area of the focal understory
species in 20 x 20-m subplots in the 16-ha Luquillo (Prestoea acuminata) and 25-ha Amacayacu (Rinorea
lindeniana) plots. Codispersion coefficients were calculated for spatial lags ranging from 0-80 m (LFDP)
and 0-125 (AM) at 20-m intervals. The value of the codispersion coefficient can range from —1 (dark
blue) through 0 (white) to 1 (dark red). Statistical significance of each codispersion coefficient is shown

in Figures A10 and A11.
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Figure A10. Statistical significance (red: P < 0.05; blue: P > 0.05) of the codispersion coefficients
calculated between measures of diversity and total basal area of the focal understory species in
20 x 20-m subplots in the 16-ha Luquillo (Prestoea acuminata) and 25-ha Amacayacu (Rinorea lindeniana)
plots (Figure A9). Statistical significance was determined by comparing observed codispersion at each
spatial lag with a distribution of 199 spatial randomizations of a toroidal-shift null model.
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Figure A11. Statistical significance (red: P < 0.05; blue: P > 0.05) of the codispersion coefficients
calculated between measures of diversity and total basal area of the focal understory species in
20 x 20-m subplots in the 16-ha Luquillo (Prestoea acuminata) and 25-ha Amacayacu (Rinorea lindeniana)
plots (Figure A9). Statistical significance was determined by comparing observed codispersion at each
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spatial lag with a distribution of 199 spatial randomizations of a CSR null model.

Table A3. Codispersion statistics for focal understory species in temperate forests (Figures A6-A8).

Site Species Diversity Metric Min  Median Mean (SD) Max
WR  Acer circinatum Bray-Curtis 0.17 0.22 0.22 (0.03) 0.29
Richness 0.03 0.09 0.08 (0.03) 0.14

Shannon 0.1 0.14 0.15 (0.04) 0.25

Simpson 0.1 0.14 0.16 (0.05) 0.26

Abundance -0.27 —0.12  —0.14 (0.05) —0.06

Taxus brevifolia Bray—Curtis 0.04 0.14 0.13 (0.05) 0.22
Richness 0.01 0.07 0.07 (0.03) 0.11

Shannon 0.02 0.05 0.06 (0.03) 0.1

Simpson 0 0.05 0.05 (0.03) 0.12

Abundance 0.03 0.12 0.11 (0.04) 0.17

TY  Asimina triloba Bray—Curtis 0.05 0.16 0.15 (0.05) 0.25
Richness 0.02 0.08 0.08 (0.04) 0.16

Shannon —0.12 0.01 0.02 (0.06) 0.11

Simpson -0.18 —0.05  —0.04(0.07) 0.09

Abundance -0.17 0.03 0.01 (0.11) 0.18

Cornus florida Bray—Curtis —0.27 —0.13 —0.14 (0.04) —0.05
Richness —0.26 —0.22 —0.21 (0.04) —0.07

Shannon —0.31 —0.15  —0.16 (0.07) —0.02

Simpson -0.2 —0.07  —0.08 (0.06) 0.03

Abundance —0.11 —0.03  —0.03(0.04) 0.04

Frangula caroliniana Bray—Curtis —0.04 0.08 0.07 (0.05) 0.16
Richness —0.07 0.05 0.07 (0.1) 0.24

Shannon —0.1 —0.01 0(0.06) 0.11

Simpson —0.2 —0.01 —0.04 (0.06) 0.07

Abundance —0.13 —0.02 —0.02 (0.07) 0.16

Lindera benzoin Bray—Curtis 0.02 0.21 0.18 (0.09) 0.33
Richness —0.04 0.1 0.11 (0.08) 0.25

Shannon 0.02 0.08 0.08 (0.03) 0.13

Simpson —0.1 0 0(0.05) 0.07

Abundance —0.1 0  —0.01(0.05) 0.08
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Table A4. Codispersion statistics for focal understory species in tropical forests (Figures A9-A11).

Site Species Diversity Metric Min  Median Mean (SD) Max
LEDP Prestoea acuminata Bray-Curtis —0.04 0.05 0.04 (0.05) 0.11
Richness -0.18 —-0.13  —0.14(0.03) —0.08
Shannon -0.2 -0.1 —0.11 (0.04) —0.05
Simpson -0.22 —-0.13  —0.12(0.06) 0.02
Abundance -0.1 0.07 0.05 (0.06) 0.13
AM  Rinorea lindeniana Bray—Curtis —-0.29 —0.22 —0.22 (0.04) —0.08
Richness —0.02 0.19 0.19 (0.06) 0.3
Shannon 0.01 0.21 0.21 (0.05) 0.33
Simpson 0 0.1 0.11 (0.05) 0.3
Abundance —0.07 0.12 0.12 (0.06) 0.21
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Abstract: Climate change has been linked to distribution shifts and population declines of numerous
animal and plant species, particularly in montane ecosystems. The majority of studies suggest
both that low-elevation avian and small mammal species are shifting up in elevation and that
high-elevation avian communities are either shifting further upslope or relocating completely with
an increase in average local temperatures. However, recent research suggests numerous high elevation
montane species are either not shifting or are shifting down in elevation despite the local increasing
temperature trends, perhaps as a result of the increased precipitation at high elevations. In this
study, we examine common vertebrate species distributions across the Hubbard Brook valley in the
White Mountain National Forest, including resident and migratory songbirds and small mammals,
in relation to historic spring temperature and precipitation. We found no directional change in
distributions through time for any of the species. However, we show that the majority of low-elevation
bird species in our study area respond to warm spring temperatures by shifting upslope. All bird
species that shifted were long-distance migrants. Each low-elevation migrant species responded
differently to warm spring temperatures, through upslope distribution expansion, downslope
distribution contraction, or total distribution shift upslope. In contrast, we found a majority of
high-elevation bird species and both high- and low-elevation mammal species did not shift in
response to spring temperature or precipitation and may be subject to more complex climate trends.
The heterogeneous response to climate change highlights the need for more comprehensive studies
on the subject and careful consideration for appropriate species and habitat management plans in
northeastern montane regions.

Keywords: climate change; temperature; precipitation; Hubbard Brook; elevational shifts; mountains

1. Introduction

Mounting evidence suggests plants and animals are responding to ongoing climate change
in numerous ways, including through significant distributional shifts [1-3]. A simple paradigm
asserts that species will respond to rising temperatures by shifting their distributions poleward (e.g.,
References [4-6]) or up in elevation [2,3,7]. However, as time goes on, studies are finding some species
are either not shifting or are shifting downslope through time, even as temperatures increase [8-11].
Yet, it is not clear what is driving montane species to shift heterogeneously and how montane species
are ultimately moving in the face of climate change.

Montane species can be particularly susceptible to the effects of climate change, because their
distributions are elevationally constrained, leaving them vulnerable to range restriction or local
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extirpation through an inability to react sufficiently to a changing climate [12-14]. Montane songbird
species and some small mammal species often occupy narrow niches [15,16] and therefore may be
sensitive to climate induced habitat alteration [17,18]. The elevational gradient of montane regions
may also exacerbate the severity of climate change, as climate regimes are not changing uniformly
at all elevations [19-21]. Most notably, precipitation rates are typically greater at high elevations,
and precipitation is expected to increase more rapidly at high elevations with ongoing climate
change [19-21]. As a result, precipitation may affect high-elevation species disproportionately [10,21],
and in some cases, species may shift down to find areas with more favorable precipitation [12,21].
Temperature may also increase more rapidly at some higher elevation sites [20,22], putting further
stress on montane communities. Migratory bird species may be particularly impacted, as individuals
must recolonize areas yearly and may therefore shift greater distances than non-migratory species [23].
Songbirds and small mammals in northeastern montane forests may be especially vulnerable, as these
regions are highly threatened by climate change [19,20]. However, with few studies of climate induced
distributional shifts in northeastern forests, it is relatively unknown how climate change will impact
songbird and small mammal species in these regions.

Long-term studies of songbird and small mammal communities are crucial to understanding
how these communities are responding to a changing climate. The songbird and small mammal
communities have been systematically surveyed annually since 1999 at the Hubbard Brook
Experimental Forest (HBEF) within the White Mountain National Forest. Here, we used these long-term
survey data to test whether changing climate has affected songbird and small mammal distributions in
northeastern hardwood and boreal forests. We hypothesized that both temperature and precipitation
contribute to fine scale distributional shifts within the songbird and small mammal communities
and that songbird migratory status would affect the magnitude of the distribution shifts. If songbird
and small mammal distributions are governed by climate, we predicted low-elevation species would
shift upslope with warm temperatures, while high-elevation species would predominantly shift
downslope in response to increased high-elevation precipitations. Additionally, we predicted that
migratory songbird species that recolonize breeding grounds within HBEF yearly would exhibit larger
distribution shifts than resident species.

2. Materials and Methods

2.1. Study Site

Hubbard Brook Experimental Forest (43°56'N, 71°45'W, NH, USA; HBEF) is a 3600 ha watershed
located within the White Mountain National Forest, ranging from 200-1000 m above sea-level (Figure 1).
HBEF is forested and comprised of northern hardwoods found predominantly at low to middle
elevations, transitioning to boreal spruce-fir forests at elevations above 800 m [24]. The climate within
HBEF is temperate, with long, cold winters and mild, wet summers [25]. Over 100 bird species regularly
breed within HBEF, the majority of which are Neotropical migrants that spend temperate winters
in the tropics. Eastern chipmunks (Tamias striatus Linnaeus; EACH) and red squirrels (Tamiasciurus
hudsonicus Erxleben; RESQ) are also common in the valley and are frequent nest predators of these
bird species [26,27].

104



Forests 2019, 10, 84

Hubbard Brook Experimental Forest
WMNF, North Woodstock, NH

43.974

43.95

Latitude

43.93

43.91

-71.750

Longitude

Figure 1. Map of Hubbard Brook Experimental Forest (HBEF) with survey locations in relation to
New Hampshire.

2.2. Survey Methods

Point count surveys were used to collect avian and mammal occupancy data and were conducted
annually from 1999 to 2016, excluding 2003 and 2004. Counts were conducted along 15 north-south
transects, separated by 500 m that span the elevation gradient within HBEF. Survey locations along
each transect were spaced either 100 or 200 m apart. Each survey location (n = 373) was surveyed
at least three times during the breeding season (May through July), by a different trained surveyor
each time. Point counts were conducted between 0530 and 1000 EDT (Eastern Daylight Time). Counts
were not conducted in conditions that could hinder the surveyors” ability to detect individuals (rain,
high winds, canopy drip, fog, etc.). During the ten-minute survey, all bird species, EACH, and RESQ
seen or heard within 50 m of the point were recorded. Birds and mammals assessed to be outside 50 m
were not used in this study to avoid accidental double counting of individuals at adjacent points.

2.3. Surveyed Species

We selected five songbird species to represent low-elevation bird species and five songbird species
to represent high-elevation bird species, based on our prior knowledge of their breeding distributions
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within HBEF and to remain consistent with species selected in other regional studies [12,13]. Species
designations were then confirmed using species occupancy curves over the elevation gradient in our
study site, as outlined in the statistical methods. The low-elevation species we selected were the
black-capped chickadee (Poecile atricapillus Linnaeus; BCCH), black-throated blue warbler (Setophaga
caerulescens Gmelin; BTBW), hermit thrush (Catharus guttatus Pallas; HETH), ovenbird (Seiurus
aurocapilla Linnaeus; OVEN), and red-eyed vireo (Vireo olivaceus Linnaeus; REVI). The high-elevation
species we selected were the blackpoll warbler (Setophaga striata Forster; BLPW), magnolia warbler
(Setophaga magnolia Wilson; MAWA), dark-eyed junco (Junco hyemalis Linnaeus; DEJU), Swainson’s
thrush (Catharus ustulatus Nuttall; SWTH), and winter wren (Troglodytes hiemalis Viellot; WIWR).

Red squirrel (RESQ) data were available for all years, excluding the two years during which
surveys were not conducted, 2003 and 2004. The eastern chipmunk (EACH) data was missing one
additional year of data (2002). No other mammals were surveyed systematically during our study
period. We categorized mammal species into low- and high-elevations using the same criteria we used
for birds. EACH were designated as a low-elevation species and RESQ as a high-elevation species
because of their association with conifers [16].

2.4. Environmental Variables

For this study, we focused on climate variables with long-term datasets available through our
study period (1999-2016). We were primarily interested in how temperature and precipitation during
the months when surveys were conducted affected species distributions within HBEF. Most migratory
species arrive back at HBEF to breed in May. Therefore, we used mean May temperature and
precipitation as potential drivers of distribution shifts since they coincide with the arrival of migratory
bird species [28] and when RESQ and EACH pups first typically become active [29,30] (hereafter called
“spring temperature” and “spring precipitation”, unless specified). For migratory bird species that
arrive at the breeding grounds in late May, and as such may not be influenced by early May weather,
we chose to test whether mean June temperature and precipitation influenced their distribution shifts.
Daily temperature and precipitation data from 1999 to 2014 were downloaded from the Long Term
Ecological Research Network website (https://portal.lternet.edu). Additional temperature data for
2015 and 2016 were provided by the US Forest Service. All temperature and precipitation data were
collected from the weather station at the USDA Forest Service Headquarters building at HBEF (252 m
above sea level). Daily mean temperature and precipitation were averaged each year over May and
June to generate mean annual May and June temperature and precipitation values.

2.5. Statistical Methods

Imperfect detection during animal surveys can lead to biased occupancy and abundance estimates
and is common in point count data [31]. To account for imperfect species detection in our analyses,
we used single and multi-season occupancy models (unmarked package v0.12-0, [32]) to predict true
species occupancy in relation to elevation. Using these adjusted occupancy estimates, we confirmed
our a priori songbird and small mammal elevation designations by assessing how their multiyear site
occupancy probability varied over the elevation gradient within HBEF (Figure 2). Species occupancy
curves that increased to 100% predicted the occupancy above 800 m (approximately where the ecotone
between deciduous and boreal forests reside in HBEF) were confirmed as high-elevation species,
and species with a predicted occupancy that peaked and then declined before 800 m in elevation were
confirmed as low-elevation species.
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Figure 2. The simulated occupancy probabilities of high- and low-elevation species occupying a given
elevation within HBEF, New Hampshire in relation to varying mean spring temperatures based on
survey data corrected for imperfect detection. The solid lines represent species occupancy in a year
with low spring temperatures, and the dashed lines represent occupancy in a year with high spring
temperatures. The quantiles show how species distribution changes within their yearly range with

mean spring temperatures.

The elevational gradient within HBEF (approximately 200 to 1000 m) likely does not encompass
the full elevational distribution of some of the species included in our analyses, particularly those
of high-elevation species. Following DeLuca and King [12], we accounted for partial elevational
distributions by segmenting the predicted occupancy for each species into quantiles (2.5%, 5%, 25%,
50%, 75%, 95%, and 97.5%) to allow us to assess how species distributions were shifting and whether
species distributions shifted uniformly, contracted, or expanded. Separate linear models for each
predicted occupancy quantile were used to assess whether elevational distributions shifted through
time within our study period. Linear models for each quantile were then used to assess whether the
observed elevational distribution shifts were in response to average annual spring temperatures or
average annual spring precipitations. We used Akaike’s Information Criterion for limited sample
sizes (AICc, MuMIn package v1.42.1, [33]) to identify the most parsimonious models among our
candidate set of models. For low-elevation bird species, we examined the relationship between
environmental covariates and the elevation of the 97.5% quantile across all low-elevation species, as the
upper distributional range appears more sensitive to changes in climate [2,21]. For high-elevation bird
species, we focused on the 2.5% quantile across all high-elevation species because HBEF is at the lower
elevation band of their distribution. For our mammal species, we tested model appropriateness at
the 50% quantile across both mammal species because our mammals include both high-elevation and
low-elevation species.

All data are presented as mean + 95% confidence interval, and results were considered significant
at p < 0.05. All data were analyzed in R (v3.5.1, [34]).
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3. Results

3.1. Environmental Variables

Historic mean annual temperature (df = 59, R%=0.36, p < 0.001; Figure 3) and precipitation rates
(df =35, R? = 0.09, p = 0.044; Figure 3) have increased within HBEF, mirroring the trends observed in
the northeastern North America over the past 100 years [19,20]. However, there was no change in the
mean May temperature (df = 16, R? = 0.06, p = 0.165) or precipitation (df = 14, R? = —0.07, p = 0.909)
over the 18-year period (1999 to 2016) that coincides with our survey data. The same 18-year period
had substantial annual variability in both temperature and precipitation (Figure 3).

Temperature and Precipitation Trends in HBEF

® :
Temperature
S p <0.001*** ]
~ - : ;
© — E E
E This study .
i 1999 - 2016 E
 — . E
c : :
S : 3
IS ; :
3 Precipitation ; :
§ p = 0.044 : .
oo .
IS ' '
IS : ]
T T T T | I
1960 1970 1980 1990 2000 2010

Year

Figure 3. The mean annual temperature (1957-2017) and precipitation (1978-2014) trends in HBEF,
New Hampshire. All data were collected from the USDA Forest Service Headquarters building at
HBEF at 252 m above sea level.

3.2. Low-Elevation Birds

We found no evidence that low-elevation songbird species distributions shifted significantly
with time over the study period (Table S1). However, three of five low-elevation bird species
shifted upslope significantly with warm spring temperatures (BTBW, OVEN, and REVI; Table 1
and Table S2), while no-low elevation species shifted as a result of mean spring precipitation
(Table S3). BTBWs contracted the bottom half of their distribution upslope by an average of 9.11 m/°C,
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while their upper distribution above 50% remained stable. In contrast to BTBWs, OVENs expanded
their upper distribution (95 to 97.5% quantiles) upslope by an average of 10.58 m/°C, while their
lower distribution remained stable. REVIs shifted nearly their entire elevational distribution (5% to
97.5% predicted occupancy quantiles) upslope significantly with warm spring temperature, moving
the top 50% of their distribution upslope an average of 16.94 m/°C, with the top 5% shifting
an average of 20.48 m/°C. All (100%) of the species that shifted significantly were species that
migrate to wintering grounds outside of the United States [35-37] (hereafter “long-distance migrants”),
while the remaining two species were residents or migrants within the United States [38,39] (hereafter
“short-distance migrants”).

The mean spring temperature alone was the most parsimonious of our candidate models for
low-elevation bird species (Table S4), although two other models (temperature + precipitation and
time + temperature) had AAICc values of <2.0.

Table 1. HBEF songbird and small mammal species distribution shifts in relation to the mean spring
temperature. The mean May temperature was used for all species, excluding BLPW, where the mean
June temperature was used. Asterisks (*) denote statistically significant p-values (* p < 0.05; ** p < 0.01;
*** 1 <0.001). Periods (.) denote near significant p-values (0.05 < p < 0.10). Abbreviations: Black-capped
chickadee (BCCH), black-throated blue warbler (BTBW), hermit thrush (HETH), ovenbird (OVEN),
red-eyed vireo (REVI), blackpoll warbler (BLPW), magnolia warbler (MAWA), dark-eyed junco (DEJU),
Swainson’s thrush (SWTH), winter wren (WIWR), red squirrel (RESQ), and eastern chipmunk (EACH).

Mean Spring Temperature (1999-2016)
Low-Elevation Species

Spp. % Occu Intercept R? P Significance
2.5% 8.71 0.30 0.016 *
5% 10.29 0.38 0.007 **
25% 10.40 0.61 0.000 *Ex
BTBW 50% 7.06 0.38 0.007 **
75% 3.77 —0.01 0.370
95% 3.43 —0.04 0.545
97.5% 4.39 —0.03 0.446
2.5% —0.90 —0.01 0.390
5% —1.00 —0.04 0.534
25% 0.40 —0.07 0.882
OVEN 50% 2.78 —0.01 0.361
75% 5.78 0.10 0.129
95% 10.12 0.22 0.040 *
97.5% 11.05 0.21 0.041 *
2.5% 0.77 0.14 0.082 .
5% 1.62 0.21 0.040 *
25% 6.43 0.53 0.001 *Ex
REVI 50% 10.95 0.67 0.000 ok
75% 15.86 0.70 0.000 ok
95% 21.55 0.55 0.001 wx
97.5% 19.41 0.42 0.004 **
High-Elevation Species
2.5% 14.81 —0.06 0.656
5% 9.47 —0.01 0.392
25% 4.93 0.21 0.041 *
BLPW 50% 3.47 0.34 0.011 *
75% 1.83 0.33 0.012 *
95% 0.42 0.47 0.002 **
97.5% 0.16 0.23 0.034 *
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3.3. High-Elevation Birds

We found that most high-elevation songbird species distributions did not shift significantly with
time. Two species shifted portions of their distributions upslope with time (SWTH and DE]JU) but
only for one predicted occupancy quantile for each (25% and 75% respectively; Table S1). One of
three high-elevation, long-distance migrant species [40] shifted distributions with the mean spring
temperature (BLPW; Table 1), while the remaining long-distance migrants [41,42] and resident
species [43,44] did not (Table S2). Contrary to our predictions, no high-elevation species shifted
downslope, with the exception of the BLPW. The upper edge of the BLPW’s distribution, at the
maximum elevation of our study site, contracted slightly downslope with warm May temperature
(97.5% quantile; —0.14 m/°C). However, BLPW distribution from the 25% to 97.5% quantiles expanded
upslope with the mean June temperature (Table 1), with an average upslope shift of 2.16 m/°C.

No high-elevation bird distributions shifted as a result of the mean spring precipitation (Table S3).
Our most parsimonious model of our candidate high-elevation species models was spring precipitation
(Table S4), although models for both temperature and time had AAICc values of <2.0.

3.4. Mammals

We found no evidence that time, mean spring temperature, or mean spring precipitation had any
significant effect on RESQ or EACH distributions through our study period (Tables S1-5S3). The mean
spring temperature was the most parsimonious model of our candidate models for mammals (Table S4)
but only slightly more so than precipitation (AAICc = 0.05) and time (AAICc = 0.11).

4. Discussion

Overall, we did not find that songbird or small mammal elevational distributions were shifting
through time within our study period. This is perhaps because temperature and precipitation did not
increase significantly over our study period. Instead, our study species responded proximately to
annual variations in climatic variables, with the majority of low-elevation songbird species responding
to warm spring temperatures by shifting upslope (Figure Sla). However, most high-elevation songbird
species and both small mammal species did not respond to temperature or precipitation (Figure Sla,b),
perhaps because shifts seen in other studies occurred at higher elevations than those within our study
site and climate constraints may be more extreme at higher elevations [8,11,12].

The distributional shifts we observed in low-elevation songbirds may be related to migratory
status. Avian migratory status has been assessed by a handful of other studies (e.g. References [21,23])
but is not commonly assessed by studies looking at distributional shifts. Walther et al. [23] argue
that migratory species are more likely to shift than resident species because they recolonize areas
yearly. Within HBEEF, first time breeders often must colonize new territories and are therefore subject
to distribution shifts through changes in abundance and reactions to climatic variables and territory
quality. This is in contrast with the resident species that take the slower, more stable route of
local population extinction and colonization. They therefore exhibit smaller and slower distribution
shifts [23], and is perhaps why we did not see shifts in resident species. Similar to Walther’s [23]
findings, we found that all three of our low-elevation songbird species that shifted upslope with warm
spring temperatures were long-distance migrants, while the two species that did not shift significantly
were a resident species (BCCH) and a short-distance migrant (HETH). Notably, our low-elevation
migrant with the longest migration route and latest spring arrival time of our low-elevation songbirds,
the REVI, was our most responsive species to warm spring temperatures. REVIs shifted nearly their
entire distribution upslope with warm spring temperatures and shifted upslope farther than any of
our other low-elevation species, at almost +20 m per degree of temperature increase. The other two
low-elevation species that responded to warm spring temperature (BTBW and OVEN) responded to
alesser degree, shifting shorter distances and only portions of their distribution (Table 1). Long distance
migrants have no way of assessing specific climate conditions at their summer breeding grounds,
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and they may instead use cues other than temperature, including day length [45,46] and favorable
flying conditions at wintering grounds [47] to determine when to begin spring migration. Plastic
responses to habitat quality upon arrival at summer breeding grounds may help buffer against
phenological mismatches inherent with having a relatively set migratory schedule. Species with the
longest migration routes, such as the REVI, which winters in South America [37], may benefit from
having plastic settlement patterns, and these long migration routes may be one of the underlying
reasons we see REVIs shift more than other species.

Contrary to our predictions, low-elevation mammals did not shift significantly with time,
temperature, or precipitation. Although EACH is a frequent nest predator of songbird eggs and
nestlings [26,27], their diet consists primarily of tree seeds, including those from the exceptionally
long-lived [48] American beech trees (Fagus grandifolia Ehrhart) and sugar maple trees (Acer saccharum
Marshall) [29,49]. EACH are therefore highly reliant on seed producing tree species as a food source,
especially for caching food for consumption over the winter months [29,49]. In non-mast years,
when tree seeds are scarce, EACH still rely heavily on vegetative food sources [29]. This reliance on
seed producing tree species and other vegetation may be driving distribution shifts, or the lack thereof,
as EACH may be tracking the slower changes in distribution of long-lived tree species over changes in
temperature and precipitation [50].

In contrast with low-elevation songbird species, we found no distributional shifts in high-elevation
songbirds (Figure Sla), with the exception of the BLPW, which shifted downslope with warm May
temperatures. However, with an average shift of —0.14 m/°C, BLPW distributional shifts as a result of
the mean May temperature were much smaller than those seen in low-elevation species. Others have
also documented high-elevation birds shifting downslope [8,12,21], although the proposed causes
vary. Some potential explanations include shifting vegetation [8,12] and increased high-elevation
precipitation [12,21]. Neither of these explanations appear to be occurring within HBEF, as HBEF forest
structure appears stable [51] and BLPWs did not respond to the mean spring precipitation. However,
BLPW distributional shifts may be responding to the mean June temperature. Contrary to shifts related
to the May temperatures, BLPWs showed a significant upslope expansion through all but the lowest
reaches of their distribution with warm June temperatures (Figure Sla). BLPWs are long-distance
migrants [40] and are typically the latest birds to arrive in HBEF out of the species we assessed in
this study. They typically arrive to HBEF near the end of May and begin nesting shortly after [40].
As a result, they are likely influenced most by the temperature at the end of May, which, within HBEF,
are more typical of temperatures we would expect to see in June. So, why is the BLPW shifting while
other high-elevation species are not? Like the REVI, BLPWs are one of the longest distance migrants of
our high-elevation species [40] and may be more plastic in their response to environment as a way to
buffer against phenological mismatches when arriving at breeding grounds.

Overall, the lack of observed distribution shifts by high-elevation songbird and mammal species
at HBEF, with the exception of BLPWs, may be due in part to the elevation range in our study site.
Most of our high-elevation sites are lower than those in numerous other studies that observed birds
and small mammals move downslope (elevational maximums: this study, 903 m; Archaux [8], 3099 m;
DeLuca and King [12], 1470 m; etc.), and climate constraints on our high-elevation species may
not be as extreme as those at higher elevation sites [19,20]. Boreal habitats within HBEF are found
primarily above 800 m in elevation and are therefore restricted to the highest ridges in the valley.
As a result, we also may be missing reactions to precipitation by high-elevation species due to the
small elevational range of boreal spruce-fir within HBEF. Alternately, high-elevation species in HBEF
may be experiencing the effects of increased precipitation but may not be shifting significantly out
of necessity for specific breeding habitats. Archaux [8] found that avian abundance and distribution
within two study sites in the French Alps was closely tied with habitat distribution shifts, despite
significant warming. Similar studies of high-elevation mammals like RESQ have found they may also
be tracking habitat distribution shifts over changes in climatic conditions, much like their low-elevation
counterparts [11,50]. RESQ are heavily reliant on conifer seeds as a food source and typically hold
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territories in or near stands of conifers [16,52]. Elevationally restricted habitat may cause increased
competition by habitat-constrained species for breeding or food caching territory [12,15,29], and as
a result, high-elevation species may be using all of the available habitat that suits their needs, regardless
of quality. If this is the case, any evidence of habitat tracking would likely only be seen over longer
time periods, as vegetation distribution shifts are typically slower than temperature change, due to the
long lifespans of trees [1,20].

4.1. Future Implications

Distributional shifts will likely impact montane passerines and small mammals in several ways.
With temperature and precipitation rates expected to increase faster at higher elevations, species
shifting upslope may encounter novel combinations of climate and vegetation. Also, because some
species are shifting while others are not, the avian community composition will likely change as
a result, and novel species interactions may arise [53]. As birds shift in elevation, they are also likely to
encounter non-avian species and habitats they have not interacted with before [53,54]. While these
novel interactions may be beneficial for some species, it is unknown how this will ultimately affect
sensitive populations and ecosystem dynamics. For instance, nest predation is a major factor in avian
reproductive success or failure [27,49,55], and as bird species distributions shift, birds moving into
areas where RESQ and EACH overlap may encounter higher rates of nest predation, potentially
impacting their ability to produce young. Additionally, species that are not shifting may encounter
southern and lower-elevation species that are expanding into areas left by species moving upslope or
poleward [6,13], like red-bellied woodpeckers (Melanerpes carolinus), tufted titmice (Baeolophus bicolor),
and eastern gray squirrels (Sciurus carolinensis). Species with contracting distributions, like the BTBW,
may also face increased intraspecies competition during the breeding season, as the preferred breeding
habitat decreases.

Small yearly distributional shifts may not be ecologically significant alone, and over short
timescales, the impacts of elevational shifts may not be obvious. However, as temperatures increase
over the long term, these small shifts may lead to larger scale shifts that will affect ecosystems and
individual species alike. The mean annual temperature in New England is expected to increase 1.7
to 4.4 °C or more by the year 2100 [19,20], and under the worst-case warming scenario, we could
see REVI and other highly plastic species shift upslope an average of almost 100 m by the year 2100.
For species occupying sites near the maximum elevation within HBEF, an upslope shift of 100 m will
likely extirpate them from the valley entirely. Precipitation and temperature increases are expected to
be more severe at higher elevations [20,21]. As a result, species at higher elevations in the region may
shift even farther than the species detailed here [12,21,54], thus exacerbating the effects of elevational
shifts and novel community interactions.

4.2. Further Research

Long-term datasets are invaluable for measuring species distribution shifts. Therefore,
the continued collection of species occupancy and abundance coupled with climate variables is
essential to understanding the impacts of climate change on montane species as well as impacts on
lower elevation species that may eventually colonize montane habitats. It is likely other local and
regional variables in addition to temperature and precipitation influence elevational distribution shifts
in our study species. Other variables should be assessed to increase our understanding of how species
distributions are changing, including vegetation shifts at transition zones, changes in winter snowpack
depth, intra and interspecies interactions, and prey distribution shifts.

HBEF supports a wide variety of avian species, including high-elevation species, despite HBEF
being at the lower end of many of their elevational distributions. Yet, as climate continues to change
and species continue to shift upslope, we may begin to lose high-elevation species within HBEF as
they move to higher elevation sites elsewhere. Mountaintop extirpation as a result of climate change
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has been the focus of only a few studies in the northeast and should be explored further to increase
our understanding of how species distributions shift with climate change.

5. Conclusions

We found almost no directional change in distributions through time for any of our songbird
or small mammal species. However, we found three of our five (60%) low-elevation bird
species (BTBW, OVEN, and REVI) responded to warm spring temperatures by shifting upslope.
All low-elevation songbird species that shifted were long-distance migrants, while those that did not
shift were year-round residents of HBEF or short-distance migrants (BCCH and HETH, respectively).
Each low-elevation migrant species responded differently to warm spring temperatures, through
upslope distribution expansion, downslope distribution contraction, or total distribution shift upslope.
BLPW was the only high-elevation songbird species that shifted with warm spring temperature
(downslope with the mean May temperature and upslope with the mean June temperature).
The remaining high-elevation bird species (MAWA, DEJU, SWTH, and WIWR) and both high- and
low-elevation mammal species (RESQ and EACH, respectively) did not shift in response to spring
temperature or precipitation. This may be due to the limited elevation range in our study site, which
may not experience the severe climate constraints found at higher elevations.
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Abstract: This study presents a new metric for quantifying structural complexity using the diversity
of tree damage types in forests that have experienced wind disturbance. Structural complexity
studies of forests have to date not incorporated any protocol to address the variety of structural
damage types experienced by trees in wind disturbances. This study describes and demonstrates
such a protocol. Damage diversity, defined as the richness and evenness of types of tree damage,
is calculated analogously to species diversity using two common indices, and termed a ‘Shannon
Damage Heterogeneity Index” (Sh-DHI) and an inverse Simpson Damage Heterogeneity Index
(iSi-DHI). The two versions of the DHI are presented for >400 plots across 18 distinct wind disturbed
forests of eastern North America. Relationships between DHI and pre-disturbance forest species
diversity and size variability, as well as wind disturbance severity, calculated as the fraction of
basal area downed in a wind disturbance event, are examined. DHIs are only weakly related to
pre-disturbance tree species diversity, but are significantly positively related to pre-disturbance tree
size inequality (size diversity). Damage diversity exhibits a robust curvilinear relationship to severity;
both versions of the DHI show peaks at intermediate levels of wind disturbance severity, suggesting
that in turn structural complexity may also peak at intermediate levels of severity.

Keywords: species diversity; structural complexity; legacies; wind damage; uprooting;
trunk breakage

1. Introduction

Diversity in forests can be of several types, such as compositional, functional, and structural [1-3],
although historically the great majority of discussion of diversity has focused on compositional
diversity (usually at the species level). In the past two decades, however, interest in functional
and structural diversity has greatly increased [3-5]. These three types of diversity may interact in
complex and interesting ways, such that they might be considered either cause or effect, depending
on circumstance.

Most obviously, compositional diversity may result in both functional and structural diversity.
For example, a larger suite of species will—simply because of the sampling effect—Dbe likely to have
more variety of ecophysiological responses to resources (functional diversity) as well as a wider range
of growth forms and architectures (structural diversity) [6-8].

Conversely, if a suite of species that includes potential members of a community are functionally
diverse (e.g., in drought or shade tolerance), there is greater chance for coexistence, thus facilitating
compositional diversity: the classical niche partitioning explanation for species diversity [9,10].

A third type of interaction, rooted in the seminal work by MacArthur [11], hypothesizes that
structural diversity provides more habitat niches and thereby facilitates higher species diversity.
MacArthur showed that different warbler species utilized different feeding locations (niches) in spruce
and fir trees, and proposed that this spatial partitioning allowed the warblers to coexist. More recently,
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this idea has been reformulated and presented with the label structural complexity (e.g., [12-14]). The
closely-related concept of biological legacies has much overlap with structural complexity, although
legacies are most often discussed in the context of post-disturbance conditions [15-18]. Regardless
of the terminology, the idea is that forests with greater structural variability or heterogeneity should
provide for more niche diversity (either plant or animal), and therefore greater species diversity; this
facilitation has been documented numerous times for various faunal groups [19-23]. Throughout this
manuscript, the term “structural complexity” will be used to describe this idea.

Note that a distinct and important developing idea applies at the ecosystem level, wherein
structural complexity is defined as canopy rugosity; higher complexity is correlated with, and possibly
facilitating, higher net primary productivity [24,25]. Moreover, other studies show a positive correlation
between structural complexity and aboveground carbon stocks [26,27]; the latter idea is outside
the scope of this paper, although reconciliation of these two approaches (community-level and
ecosystem-level) would seem to benefit multiple areas of ecological understanding.

Given that the various types of diversity (compositional, functional, structural) may influence
each other as either cause or effect, especially in light of the third example (structural diversity
facilitating species diversity), it is pertinent to ask if structural or compositional diversity before
a disturbance might influence structural diversity after disturbance. While a variety of studies
examine structural diversity or complexity after fire, insect outbreaks, or harvesting [13], only
a few have examined structural complexity after wind disturbance [28-30]. This paper aims to
characterize one component of structural complexity after wind disturbance, and test for associations
with two types of pre-disturbance forest diversity. In particular, analyses will test for potential
influence of pre-disturbance species diversity or size variation on post-disturbance damage diversity
(described below).

Many different metrics have been employed by researchers seeking to quantify structural
complexity, often in an attempt to establish some benchmark based on conditions in old-growth
or unmanaged forests, that can subsequently serve as a target of management actions [31-33]. While
some complexity metrics address species diversity [13], spatial distribution patterns of trees [4,34-38],
or size variation [28,34,39-41], an entirely distinct class of complexity metrics seek to capture the
variety of structural categories present in a stand. Examples of the latter are measures of coarse woody
debris or snag abundance [29,30]. This paper introduces an apparently novel metric of structural
complexity: damage diversity. This metric is most suited to quantifying the variety of distinct tree
structural categories on the basis of the damage experienced in wind disturbances. The rationale of
the proposed damage diversity metric is that uprooted trees provide very distinct habitat niches from
trees that experienced trunk breakage, and these categories further differ in obvious ways from intact
or lightly damaged trees. For example, abundant research has examined the influence of uprooted tree
root mounds and pits on fine scale patterns of plant species composition [42-51]. Trunk-broken trees
simultaneously deposit tree crowns on the ground (which can greatly influence spatial variation in fire
intensity [52]) as well as creating standing snags of various heights [53]. Uprooted and trunk-broken
trees also differ in the amount of tree bole deposited on the soil surface—boles can serve as fine-scale fire
breaks [52] and can impede movement of ungulate herbivores and thus reduce browsing [54-57], and as
they decay can provide suitable microsites for seedling establishment [58,59]. Lighter types of damage
(e.g., bent, leaning or light crown damage) will, in hardwood forests, prompt release of advanced
regeneration (suppressed saplings) and prolific sprouting of the damaged trees, particularly by smaller
trees. These responses often result in limited new seedling colonization and thus continuance of site
dominance by the pre-disturbance individuals [30,48,60-67]. Clearly the distinct types of tree damage
have potentially great influence on post-disturbance dynamics of both composition and diversity
of vegetation: at the extremes, light damage will perpetuate existing composition and diversity,
while uprooting will facilitate new seedling establishment on treefall microsites and potentially shift
composition to an early-seral suite of species. It is expected, therefore, that a greater diversity of
damage types after wind disturbance will foster a higher species diversity during forest regeneration.
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Expectations for how pre-disturbance compositional and structural diversity might influence
post-disturbance damage diversity are developed as follows. Tree species differ in their vulnerability
to wind damage [68], thus it is expected (Hypothesis 1) that as pre-disturbance species richness or
diversity increases, tree damage diversity should increase. Similarly, it is well-established that larger
trees are more likely to suffer trunk breakage or uprooting (e.g., [68]); in contrast, small trees and
saplings may be sufficiently flexible that they bend, a phenomenon rarely witnessed in large trees [69],
and one that may allow small trees to avoid complete trunk breakage or uprooting. Thus smaller trees
may be prone to different types of damage than large trees; as a consequence the second expectation
(Hypothesis 2) is that while types of tree damage may shift with increasing tree size, damage diversity
will be roughly similar across stands of different tree sizes. Following this logic, stands with limited
tree size inequality (more uniform sizes) should show low damage diversity (although the actual
types of damage may differ depending on the mean tree size). Conversely, if tree size inequality
is high, a greater variety of types of tree damage are expected, and therefore the third expectation
(Hypothesis 3) is that damage diversity will increase with increasing size inequality.

A fourth hypothesis emerges from the recent recognition that intermediate-severity wind
disturbances may be an important source of structural complexity in forests [30], although the sites
available for sampling did not allow those authors to explicitly address how complexity might
vary with wind disturbance severity. There are several reasons to expect that post-disturbance
structural complexity might exhibit a unimodal relationship to wind disturbance severity, with a
peak at intermediate levels; some of this reasoning is a logical result of the definition of severity as
the proportion of trees broken or uprooted. First, at low levels of severity, the more drastic types of
tree damage (e.g., trunk breakage and uprooting) are likely to be uncommon while lighter types of
tree damage will be most common, thus, damage diversity should be low in low severity situations.
At the very highest levels of severity, where most or all trees are fallen, the lighter types of damage are
obviously rare or absent and therefore damage diversity is again low. In contrast, at intermediate levels
of severity, trees are likely to suffer a variety of types of damage, resulting in maximal damage diversity
when severity is intermediate. This straightforward logic produces an expectation (Hypothesis 4) that
damage diversity will be maximal at intermediate levels of wind damage severity. An additional
subsidiary expectation is that the predominant type of tree damage will change with changing severity,
such that uprooting and trunk breakage predominate at high severity, while lighter types of damage
predominate at lower severity.

Specific objectives of this study are to (1) demonstrate a protocol for developing a damage diversity
metric in recently wind-disturbed stands; (2) apply this protocol to describe the damage diversity
in 18 separate wind disturbed forests of eastern and central North America; and (3) test the four
hypotheses presented above, to explore the influence of pre-disturbance compositional and structural
diversity, as well as disturbance severity, on the resulting damage diversity.

2. Materials and Methods

2.1. Study Sites

From the study sites from which data are reported here, several previous publications report other
aspects of damage and regeneration [43,44,63,68-75]. Descriptions below are presented chronologically
based on date of disturbance event; locations shown in Figure 1. Dominant woody species are
presented in decreasing order of cumulative basal area.
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Figure 1. General location of 18 study sites within Eastern U.S. Multiple locations close together shown
as a single box with multiple numbers. 1 = Mingo; 2 = Tionesta 1994; 3 = Gould Farm; 4 = Texas Hill;
5 = Rapid River; 6 = Taylor; 7 = Hattons; 8 = Fishhook; 9 = Meditation Lake; 10 = Shirttail; 11 = Twin;
12 = ThreeMile Island; 13 = Natchez Trace; 14 = Gum Road; 15 = Boggs Creek; 16 = Martin Branch;
17 = Timpson; 18 = Smokies.

Mingo site: Mingo National Wildlife Refuge is located in southeastern Missouri (36.974° N, 90.176° W;
Table 1). On 4 June, 1993, an Fl-rated tornado passed over the Refuge; lower hillslope and bottomland
forests were damaged along a 20-km path. Tree damage was sampled in August 1994, in 9 survey
plots distributed along transects; the 6 on hillslopes were 20 m x 20 m, while the 3 in bottomlands
were 30 m x 30 m to adjust for lower tree density. Forests are of low density and consist of a high
diversity of Quercus species (oaks) and other mesic hardwoods.

Tionesta 1994 site: This site is a primary forest preserve within Allegheny National Forest
of northwestern Pennsylvania (41.638° N, 78.940° W; Table 1). Dominant woody vegetation was
Fagus grandifolia Ehrh. (greatly diminished since the 1990s because of beech bark disease) and
Tsuga canadensis L., with smaller components of Betula alleghaniensis Britton, Betula lenta L., Prunus serotina
Ehrh., and Acer rubrum L. The site was disturbed by a small F2-rated tornado on 10 July, 1994, which
damaged a patch of roughly 2 ha. (tornadoes in the United States are rated according to severity of
damage, on a six-level scale from FO to F5 [prior to 2007] or EF0 to EF5 [2007 and later]; Storm Prediction
Center Fujita Tornado Damage Scale). The entire damaged patch was mapped with surveying equipment
in summer 1996, and subsequently partitioned into 20 m x 20 m contiguous plots [Peterson 2000]. This
site has been free of major disturbance (prior to 1994) for at least 3 centuries [76].

Gould Farm and Texas Hill sites: These two sites, separated by ~15 km, were disturbed by the same
F4-rated tornado on May 29, 1995. Gould Farm is in western Massachusetts (42.175° N, 73.249° W),
and had Pinus strobus L., T. canadensis, and Acer saccharum Marshall as dominant species. Texas Hill is
in far eastern New York (42.207° N, 73.606° W; Table 1), and Quercus montana Willd., Quercus rubra L.,
and T. canadensis were dominants. Each site was sampled in 1997 with ten 20 m x 20 m plots distributed
as 5 plots along each of 2 transects. Both are secondary stands with unknown disturbance history.

Rapid River site: This site in the central Upper Peninsula of Michigan (45.944° N, 86.658° W;
Table 1), is covered in secondary forest dominated by A. rubrum, Betula papyrifera Marshall and
Populus grandidentata Michx. Forests were damaged by a 5 October, 1997 thunderstorm downburst,
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which impacted an area roughly 5 km wide and 35 km long. Eleven 20 m x 20 m plots distributed
along 2 parallel transects were sampled in July of 1999.

Hattons and Taylor sites: These sites, separated by ~10 km, are located in secondary forests of
northeastern Pennsylvania (Table 1). Hattons (41.398° N, 75.126° W) was dominated by A. rubrum
and P. strobus, while Taylor (41.266° N, 75.128° W) was a mix of several species of Quercus and Carya.
Both were damaged by an F2-rated tornado on 30 May, 1998, which caused an 85-ha damage patch
at Hattons, and a 4-ha damage patch at Taylor. At the Hattons site, 8 contiguous 20 m x 20 m
plots were inventoried in July 1999 for tree damage. At the Taylor site, roughly 4 ha of damaged
forest was mapped with surveying equipment, in June-July 2000, and subsequently subdivided into
77 contiguous 20 m x 20 m plots.

Boundary Waters Canoe Area sites: Fishhook, Shirttail, Meditation Lake, Threemile and Twin Island are
the five study sites located with the Boundary Waters Canoe Area, a wilderness that consists of nearly
500,000 ha of primary sub-boreal forests in northeastern Minnesota, entirely within Superior National
Forest. On 4 July, 1999, a large derecho event damaged >150,000 ha of forest in the Boundary Waters
Canoe Area Wilderness [77]. Five sites in the vicinity of Seagull Lake were sampled for tree damage
in 2000 and 2001 [71]; (Table 1). At Fishhook, 16 plots were sampled along 5 transects; at Meditation
Lake, 9 contiguous plots (3 rows of 3) were sampled; at Shirttail, an area slightly less than 2 ha was
mapped and partitioned into 18 contiguous plots; at Twin Island 20 plots were arranged along two
transects; and at Threemile, 22 plots were distributed on five transects. Woody vegetation at Fishhook
(48.138° N, 90.890° W) was predominantly Picea species, Pinus banksiana Lamb., and B. papyrifera, while
that at Shirttail (48.118° N, 90.939° W) was a mixture of Abies balsamea (L.) Mill, Thuja occidentalis L.,
and Pinus resinosa Sol ex Aiton. Twin Island (48.120° N, 90.934° W) was an A. balsamea-B. papyrifera-T.
occidentalis stand. Dominant species at Meditation Lake (48.134° N, 90.883° W) were A. balsamea,
Populus tremuloides Michx., and B. papyrifera; while at Threemile (48.137° N, 90.899° W) the dominants
were P. resinosa, T. occidentalis, and Pinus banksiana Lamb. The study sites are all of post-fire origin.

NTSEF site: Natchez Trace State Park and Forest (NTSF) is located in west-central Tennessee (35.717° N,
88.300° W; Table 1), and occupied by secondary forests that originated in the 1930s. Dominant tree
species are several Quercus species, Carya species, and Pinus taeda L. On 5 May 1999, a straight-line
windstorm (downburst) with sustained winds >90 km/h and gusts >145 km/h struck NTSF and
damaged ~3000 ha. Thirty-two plots (30 m x 30 m) were distributed haphazardly in 2 areas (16 in
each area), and were inventoried for damage to all trees >10 cm trunk diameter in the summers of 2000
and 2001.

Gum Road was a secondary Q. rubra-Q. alba-Fraxinus americana L. stand in central Tennessee (35.667° N,
75.148° W; Table 1) disturbed in April 2002 by an F2 tornado, and was sampled in 2004. Twenty-eight
plots were distributed as 4 contiguous 20 m x 20 m plots in each of 7 larger 40 m x 40 m plots.
Disturbance history at this site is unknown.

Boggs Creek, Timpson, and Martin Branch are all located within the Chattahoochee National Forest in
northern Georgia (Table 1). They were disturbed on April 27, 2011 by an EF-3 tornado that ultimately
had a total track length of 64 km. At Boggs Creek (34.699° N, 83.883° W) Q. montana, Quercus coccinea
Munchh., Pinus virginiana Mill., Q. alba, P. strobus, and Oxydendrum arboreum (L.) DC were the dominant
tree species. The Timpson (34.876° N, 83.481° W) site’s woody vegetation was predominantly P. strobus,
Q. alba, and Q. coccinea. At Martin Branch (34.775° N, 83.796° W), dominant tree species were P. strobus,
A. rubrum and O. arboreum. These 3 sites were sampled in the summer and fall of 2011, and summer
of 2012. At Boggs Creek, 38 plots were distributed along 8 transects; at Martin Branch 18 plots were
arranged along 6 transects; and at Timpson, 14 plots were distributed among 5 transects. These stands
originated after clearcutting in the late 19th and early 20th centuries.

The Smokies study site was located in the northwestern corner of Great Smoky Mountains National
Park in southeastern Tennessee (35.621° N, 83.882° W; Table 1). The disturbance was also on April
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27,2011, and was an EF-4 tornado with a 33 km track length. A. rubrum, T. canadensis, and P. strobus
were the dominant tree species. It was sampled in 2012 and 2013, using 22 plots distributed along park
trails in 3 areas. Histories of the locations of actual plots are unknown, although most stands in this
area are of post-fire origin and the area is generally considered primary forest.

Table 1. Study site names, pre-disturbance vegetation characteristics, number of trees sampled, and
disturbance severity. Values are means + standard deviation across plots.

Pre-Dist Pre-Dist. Pre-Dist Pre-Dist. Severity .
. . , (prop. Num. Pre-Dist.
Site Species H 1/A Evenness .
Richness (Density)  (Density)  (Density) Basal Trees Diam. (cm)
1 1y ity 1y Area Lost)
Mingo *a,5 7.67 £2.34 156 £0.28 372+£112 0.78=£0.09 0.58=+0.23 192 17.08 £ 3.48
Mingo *b5 8.67 +£1.15 1.80 £0.14 484+0.88 0.83+0.03 0.75+0.23 92 28.58 + 3.59

Tionesta 1994 &3 348+146 1.04+£031 255+£075 0824012 030+£028 643 27.00 £ 8.09
Gould Farm 2° 750+184 154+030 3804147 077+£011 0854019 360 22.02 £3.21

Texas Hill #° 560+184 123+£037 278+107 0724012 097+0.04 255 21.84 +£2.23
Rapid River a5 6.09+1.97 127+£030 291+£074 0724+010 028+0.21 573 15.99 £ 0.86
Taylor a5 496 £223 1364037 346+120 086+0.09 0.80+025 1224 23.73 £ 5.41
Hattons > 388 +£064 0904021 204+£058 067012 073+£027 158 22.57 £ 4.61
Fishhook #° 331+079 079+£022 193+£039 067+016 047016 611 15.35 +1.92
Med. Lake 25 444 +073 0854021 1.85+040 058+013 0.63+0.14 554 11.01 +2.83
Shirttail 2> 517 £1.04 1324026 328+£0.82 081+011 0.86+0.16 548 16.26 = 2.61
Twin &5 535+127 1174+022 264+073 072+012 083+0.14 878 15.19 +3.94

ThreeMile 10 386+139 1.00+035 248+0.84 0774014 029+024 404 22.40 £ 3.89
Natchez Trace ®®  12.07 £2.38 2.02+£027 587+175 0824006 0384020 1637 19.07 &+ 2.56
Gum Road *° 789+£221 186+032 5924+187 091+£0.04 033+026 674 23.24 £3.23
Boggs Creek 10 824 +£207 1794032 512+£177 086+0.08 0.66+029 894 25.71 £5.29

Smokies 210 714+£196 166+031 4.66+1.74 086009 058+£024 487 25.60 £+ 3.03
Martin Branch 10 728 +1.32 1.73+£0.17 487+096 088+0.06 074+024 383 26.72 £ 5.49
Timpson 210 771+1.07 1.77+018 491+120 0.87+£006 072+0.16 274 27.47 £3.17

* Mingo site sampled with 6 20 x 20 m plots, and 3 30 x 30 m plots. ab = Plot size;a=20m x 20m; b =30m x 30 m;

510 = minimum tree diameter (in cm) sampled; 5 = 5 cm; 10 = 10 cm.

2.2. Methods

Field methods For all of the above sites, field sampling consisted of an inventory of all trees
above a minimum size threshold (either 5 cm or 10 cm trunk diameter at 1.4 m) within sample plots,
in which species, type of damage, and dbh (cm) were recorded, as well as other variables not relevant
to this report. Type of damage was categorized as: intact (undamaged), light crown damage (LCD;
<50% of crown missing), heavy crown damage (HCD; >50% of crown missing), bent (trunk curved),
leaning (trunk straight but >20° from vertical), trunk broken, or uprooted, for a total of 7possible
damage categories.

Sampling plots were typically 20 m x 20 m in size; and distributed non-adjacently (typically
spaced along transects) or as contiguous plots such as at Meditation Lake, Shirttail, Tionesta 1994,
and Taylor. Two sites were exceptions. Natchez Trace was sampled with 32 non-adjacent 30 m x 30 m
plots [73]. At Mingo, 3 out of the 9 total plots were also 30 m x 30 m in size [74].

Statistical analyses Plot-level damage severity was calculated as percent of pre-disturbance tree
basal area that was felled (trunk broken or uprooted) by the wind disturbance. This is a better
representation of the change in site conditions than using percent of individuals felled by the wind
disturbance, because basal area better captures the size variation among individuals, and is therefore
more closely correlated with the amount of canopy openness in a closed-canopy stand. A more
nuanced measure of severity might include the partial damage categories by using some fraction
of a tree’s pre-disturbance basal area in the total subtracted from the plot’s pre-disturbance total;
however, it is not immediately obvious how such partial basal areas would be assigned to the lighter
damage categories.
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The term ‘damage heterogeneity index” or DHI, is introduced as a measure of the diversity of damage
categories; it is entirely analogous to typical measures of diversity of species. Two versions of the DHI were
calculated, one called Sh-DHI and using the Shannon index (H' = X; p; In p;) and another called iSI-DHI
and using the inverse Simpson index (D = 1/A, where A = ¥;(p;?)). In both of the versions of DHI, damage
categories were used instead of species as the classification variable, and p; defined as the proportion of
total individuals or total basal area represented by a given species. Evenness was also calculated along with
the two primary indices, as ] = H'/Hmax [78]. Note that while the great majority of uses of the Shannon or
Simpson index use the number of individuals as the measure of abundance, this is by no means necessary,
and may indeed by misleading when individuals differ by orders of magnitude in size. Using the summed
basal area for a given damage category in a given plot mitigates this extreme variation and gives a better
indicator of the actual dominance of a damage category in the sample. While the seven damage categories
place an upper limit on the values Sh-DHI (max = 1.946) and iSi-DHI (max = 7.00) thus calculated, it still
provides a quantitative measure of the diversity of damage types across the tree samples.

To explore any potential relationship between the DHIs and pre-disturbance forest characteristics
and damage severity, the plot-level values of DHI (Sh-DHI and iSi-DHI) were regressed against
plot-level forest characteristics (species richness and diversity, mean and inequality of tree diameter)
and wind damage severity. Both linear and quadratic regressions were tested; if the secondary term in
the quadratic regression significantly improved the regression, the relationship between predictor and
response variable is curvilinear. Tree diameter inequality was quantified as the Gini coefficient [79].
All regressions were performed in Sigma-Plot 11.0 (Systat Software, San Jose, CA, USA).

Nonmetric multidimensional scaling ordination was used to visualize how type of tree damage
varied among sample plots. In this novel ordination approach, damage types are used analogously to how
species are used in traditional ordinations; the distribution of plots in “damage type ordination space”
reveals the most prevalent type of tree damage for those plots. PC-Ord 7 (Wild Blueberry Media LLC,
Corvalis, OR, USA) was used to perform the ordination. The following options were used in the ordination:
Autopilot = off; distance index = Sorensen; Axes = 2; Runs with real data = 50; Stability criterion = 0.00001;
Iterations to evaluate stability = 1, Maximum number of iterations = 250; Initial step length= 0.20; starting
coordinates = Random. The multiple runs with real data were utilized to avoid local minima. Preliminary
output was rotated with a varimax rigid rotation to improve separation; a varimax rotation moves output
points simultaneously around the centroid to obtain the greatest spread of scores along the first axis. Final
stress of the two-dimensional solution was 17.46. The input matrix was 340 rows x 7 columns of data;
the columns define attributes—in this case, types of treefall (e.g., intact is one column; branches broken is
next column, etc.) and the rows define entities—in this case 20 x 20 m sample plots. Entries in the input
data matrix were number of trees experiencing that category of damage in that plot. After the ordination,
plots were divided into those with 5 cm dbh as the minimum tree size (1 = 237 plots) and those with
10 cm dbh as the minimum tree size (1 = 111 plots) to show on separate graphs; the 35 plots that were
30 m x 30 m in size were excluded from the ordinations due to the small sample size.

3. Results

A total of 413 plots were sampled, encompassing 10,762 trees. Twenty-eight plots had five or
fewer trees pre-disturbance and were subsequently excluded from analyses, resulting in 385 plots
and 10,675 trees. Among the seven damage categories, uprooting was the most common overall,
with 27.8% of trees (2973 trees), while trunk breakage occurred in 17.9% of trees (1907 trees). Lighter
damage categories accounted for 33.0% of trees (3519 trees), while 25.9% of trees (2769 trees) remained
intact (undamaged).

The relative abundances of damage categories varied immensely, even among plots within the
same study site; many plots had no representation of one or more of the seven damage categories,
while others had all seven categories in broadly similar abundances. Figure 2 presents the nine plots of
Meditation Lake as just one example. In this site, plot C2 is overwhelmingly composed (62.1% of basal
area) of uprooted trees; plot C1 has damage dominated by trunk breakage (54.1% of basal area); while
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in plot B2 intact or branches broken were the most abundant damage categories (36.9% and 31.9% of
basal area, respectively).
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Figure 2. Relative basal area of seven tree damage categories at the Meditation Lake study site. In the
figure legend, ‘LCD’ = light crown damage and "HCD’ = heavy crown damage; other damage categories
are words, not acronyms.

Mean Sh-DHI (based on basal area) was close to half of the maximum for both the plots sampled
with 5 cm dbh minimum, and those sampled with a 10 cm dbh minimum (Figure 3). For iSi-DHI,
the corresponding levels were roughly 35% and 37% of the maximum. Larger plots (30 m x 30 m plot size)
exhibited higher diversity than smaller 20 m x 20 m plots in both the Sh-DHI (roughly 84% of maximum)
and iSi-DHI (50.3% of maximum) indices. A ranked one-way ANOVA (Kruskal-Wallis test) found that the
three plot types differed significantly (H = 47.55, p < 0.001 for Sh-DHI, and H = 42.69, p < 0.001 for iSi-DHI).
In both cases, Dunn’s pairwise comparisons revealed that the 5 cm dbh minimum plots and the 10 cm dbh
minimum plots did not differ from one another, while the 30 m x 30 m plots significantly differed from
the 5 cm dbh minimum plots. The 30 m x 30 m plots were sampled with a 5 cm diameter minimum, thus
are not tested against the 20 m x 20 m plots that were sampled with a 10 cm diameter minimum.
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Figure 3. Mean and standard deviation of two damage heterogeneity indices, for three types of
sampling plots. Each plot’s damage heterogeneity was calculated using the basal area in each damage
category as the abundance values input into the diversity formula. The ‘5 cm minimum diameter and
10 cm minimum diameter” plot types were all 20 m x 20 m plots, while the ‘30 m x 30 m” plot type
had a 5 cm diameter minimum.
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Hypothesis 1: For plots sampled with a 5-cm diameter minimum, neither species richness nor
species diversity of pre-disturbance trees was significantly related to post-disturbance Sh-DHI or
iSi-DHI (data not shown).

For plots sampled with a 10-cm diameter minimum, the DHIs showed no significant relationship
to pre-disturbance tree species richness (Figure 4a; Sh-DHI results shown; results for iSi-DHI are
similar). There was a weak positive correlation between pre-disturbance tree species diversity and
Sh-DHI (Figure 4b), although the R? was very small.
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Figure 4. Damage heterogeneity index (DHI) vs. pre-disturbance plot species richness or diversity,
for plots with 10-cm diameter minimum. (A) DHI calculated with Shannon formula, vs. species
richness; (B) DHI calculated with Shannon formula, vs. pre-disturbance species diversity calculated
using density and the Shannon formula. Only significant regressions shown.

Hypothesis 2: For plots sampled with 5-cm diameter minimum, there was a weak linear
relationship between pre-disturbance mean tree diameter and post-disturbance Sh-DHI and iSi-DHI
(data not shown). In both cases, the linear regression was significant (for Sh-DHI: p < 0.001, R? =0.048;
for iSi-DHI: p = 0.036, R? = 0.019) and had a negative slope. However, note that again the linear
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regressions both had very low R? values. For these plots, the secondary term of the quadratic
regression was not significant (p > 0.05 in both cases).

For plots sampled with 10-cm diameter minimum, Sh-DHI and iSi-DHI both showed significant
relationship to the pre-disturbance mean tree diameter (Figure 5). Both linear regressions were
significant (for Sh-DHI: p = 0.014, R? = 0.054; for iSi-DHI: p =0.025, R? = 0.045), and had negative
slopes. For this data set, however, the secondary term in the quadratic regressions was also significant
and negative for both types of DHI. Even with the improvement provided by the curvilinear term,
though, the overall R? values were again quite small (Figure 5).
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Figure 5. Damage heterogeneity index vs. pre-disturbance plot mean trunk diameter, for plots with
10-cm diameter minimum; n = 111. (A) DHI calculated with Shannon formula; (B) DHI calculated with
inverse Simpson formula. Only significant regressions shown; quadratic regression shown if it had

greater R? than linear regression.

Hypothesis 3: For plots sampled with 5-cm minimum diameter, both the Sh-DHI and the iSi-DHI
increased significantly with greater pre-disturbance tree size inequality (Figure 6). In both cases,
the linear regression was significant (for Sh-DHI: p < 0.001, R? = 0.147; For iSi-DHI, p < 0.001, R? = 0.114)
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but the secondary term in the quadratic regression was not. Note that in these regressions the variance
explained is somewhat better than in previous regressions.

For plots sampled with 10-cm minimum diameter (data not shown), none of the regressions
between pre-disturbance tree size inequality and post-disturbance DHIs were significant.
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diameter minimum; n = 111. (A) DHI calculated with the Shannon formula; (B) DHI calculated with
the inverse Simpson formula. Only significant (p < 0.05) regression results shown.

Hypothesis 4 The Nonmetric Multidimensional Scaling ordination produced a distribution of
plots in the reduced 2-dimensional space (Figure 4) in which uprooted trees are lower and to the
right of the centroid of the distribution, while intact trees are nearer the top of the graph. In the both
groups of plots, severity of damage is strongly positively correlated with Axis 1 (5-cm minimum plots:
r=0.792, p < 0.0001; 10-cm minimum plots: = 0.732, p < 0.0001), and strongly negatively correlated
with Axis 2 (5-cm minimum plots: r = —0.537, p < 0.0001; 10-cm minimum plots: r = -0.766, p < 0.0001).
Thus in the ordination graphs, highest severity damage is located in the lower right of the graph. Since
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the “uproot’ category is low and furthest to the right, this indicates that uprooting was the dominant
type of damage in plots that experienced severe damage. It is noteworthy that the trends in Figure 7a,b

are largely consistent, indicating that the results shown are not an artifact of one particular minimal
tree size threshold.
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Figure 7. Nonmetric Multidimensional Scaling ordination of plots based on damage type categories.
(A) 5-cm minimum diameter, n = 237 plots; (B) 10-cm minimum diameter, n = 111 plots. LCD = Light
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Graphing the damage diversity (whether calculated with Sh-DHI or iSi-DHI) against severity of
plot damage revealed a clear and consistent pattern: damage diversity peaks at intermediate levels of
severity (Figures 8 and 9). In all four of the datasets presented in Figures 8 and 9, the quadratic
regressions had much higher R? values than the linear relationship, which was sometimes not
significant at all. This confirms existence of the peak at intermediate severity.
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Figure 8. Damage heterogeneity index in relation to severity of damage, using plots sampled with 5-cm
diameter minimum. (A) Sh-DHI, calculated with the Shannon index; (B) iSi-DHI, calculated with the
inverse Simpson index. In all calculations of damage heterogeneity above, the measure of abundance
used was the cumulative basal area in each damage category for that plot. Variance explained (R?)
by linear and quadratic regressions was compared to determine if the relationship between DHI and
severity was significantly curved.
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Figure 9. Damage heterogeneity index in relation to severity of damage, using plots sampled with
10-cm diameter minimum. (A) Sh-DHI, calculated with the Shannon index; (B) iSi-DHI, calculated
with the inverse Simpson index. In all calculations of damage heterogeneity above, the measure of
abundance used was the number of trees in each damage category for that plot. Variance explained
(R?) by linear and quadratic regressions were compared to determine if the relationship between DHI
and severity was significatly curved.

All of the relationships shown in Figures 8 and 9 are based on the two DHIs calculated using basal
area as the measure of abundance of the damage categories; analogous DHI calculations using counts
of individuals rather than basal area as the measure of abundance (not shown) produced similar curves
with peaks at intermediate severity, although the relationships were noisier. In all cases, the quadratic
regressions again indicated a significant curvature with a DHI peak at intermediate levels of wind
disturbance severity.

Finally, the intermediate peak in the DHISs is not an artifact of pooling multiple sites. Figure 10
shows results from two of the study sites with larger sample sizes—Boggs Creek and Tionesta 1994.
In both cases, Sh-DHI peaks at intermediate levels of damage severity, and the quadratic regression
has much higher R? than the linear, indicating that the peak is statistically real.
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Figure 10. Damage heterogeneiety index (Sh-DHI) in relation to severity of damage, from two of
the study sites. (A) Boggs Creek (linear R? = 0.124, quadratic R? = 0.726); and (B) Tionesta 1994
(linear R? = 0.106, quadratic R? = 0.298). In both panels, quadratic regression line is shown. In all
calculations of damage heterogeneity above, the measure of abundance used was the cumulative basal

area in each damage category for that plot.

4. Discussion

This work demonstrates for the first time that tree damage categories can be used to construct
a structural complexity metric based on damage diversity. Just as some early work on structural
complexity used size categories in a diversity index calculation [12,13,80], the same logic is here
applied to distinct categories of tree damage. The similarity of mean DHI values for plots with 5-cm
vs. 10-cm diameter minima (Figure 3), as well as the similar distribution of the two types of plots
in the ordination (Figure 7), suggest that this approach is not dramatically affected by the minimum
tree size sampled, at least for these two common size thresholds. However, it is clear that plot size
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may influence the quantitative values obtained in this type of damage diversity study (Figure 3),
as evidenced by the significant difference in mean diversity index value for 20 m x 20 m plots vs.
30 m x 30 m plots. Also, although the actual values obtained with the Sh-DHI and the iSi-DHI differed
(as expected, given the different formulas used), the trends were remarkably similar, again suggesting
that the approach proposed here is robust to the actual diversity index employed, as well as to the
minimum tree size sampled.

The pre-disturbance forest characteristics examined for Hypotheses 1-3 differed substantially in
their influence on post-disturbance damage diversity. Surprisingly, pre-disturbance species richness
and diversity appeared to have little effect on damage diversity (Figure 4), therefore Hypothesis 1
must be rejected. Because a number of studies have documented among-species differences in tree
damage during high winds [81,82], having a greater variety of trees would be expected to result
in greater damage diversity. However, as pointed out in Peterson [68], the species effect is often
small, suggesting that in this analysis, the numerous other influencing variables (e.g., tree sizes, site
conditions, storm conditions) may have obscured any potential species effect. Thus in this analysis,
pre-disturbance compositional diversity appears to have little causative effect on post-disturbance
structural complexity.

Mean tree size significantly influenced the two DHIs, but the variance explained was quite small
(Figure 5). The extent to which this result is contingent on the distribution of tree sizes in addition
to the plot mean, is unknown; expected patterns of damage might be expected to be very different
between two plots with, for example a mean trunk diameter of 30 cm. In one plot, many small trees
and two or three large ones (e.g., >60 cm) would likely experience damage distinct from another plot
with all trees in the range of 20-40 cm diameter. Nevertheless, this weak effect can be interpreted as a
confirmation of Hypothesis 2, which expected no trend in damage diversity with changes in mean
tree sizes.

Potentially more interesting is the stronger relationship between pre-disturbance size inequality
(measured via the Gini coefficient) and damage diversity (Figure 6). While noisy, this relationship
was stronger than the previous ones, and confirms Hypothesis 3. The confirmation of Hypothesis 3,
in combination with rejection of Hypothesis 1, is consistent with several previous studies [68,81] that
conclude that tree size is a greater influence than species on wind damage patterns. Pre-disturbance
size variability, then, is indeed positively associated with higher values of one component of structural
complexity—diversity begets diversity, in this case. Such a continuation of structural diversity through
severe wind damage echoes other studies that suggest positive feedbacks in vegetation composition,
in which species composition becomes entrained and spatial patchiness in composition is maintained
through time via positive neighborhood effects [83].

Visualizing the “damage category composition” through ordination reveals that there is a clear
gradient from predominantly intact plots to predominantly uprooted plots as severity of damage
increases (Figure 7). This confirms the subsidiary expectation to Hypothesis 4, namely that as severity
changes, the predominant type of tree damage changes as well. At first glance, this is perhaps expected,
but further consideration suggests that such a finding is not a foregone conclusion since trees in very
severely damage plots could fail primarily by trunk breakage. Although post-windthrow circumstances
are known in which most tree failure is via trunk breakage (Gum Road as described in [68]), these
data sets suggest that for wind damage in eastern North America, high severity wind damage will
mostly produce uprooted trees. The accompanying root pits and mounds have important implications
for regeneration of vegetation, driving fine scale spatial patterns [42-51], as well as providing an
important establishment site for pioneers that typically do not establish on intact forest floor [72] and
thus enriching vegetation diversity. Treefall pits and mounds are also a source of soil turnover and
mixing [84,85].

Perhaps the most notable result of this study is the clear relationship between damage diversity
(as quantified in the two types of DHI) and damage severity. In hindsight, such a relationship may
be unsurprising in light of the logic presented for Hypothesis 4, but this appears to nevertheless
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be the first documentation of such a pattern. At the lowest severities, most trees are intact or have
broken branches, and on the left sides of Figures 8-10, increasing severity means adding the more
serious damage categories, thus driving the diversity index upward. On the right sides of Figures 8-10,
an analogous process occurs, except that as severity increases from intermediate to very high, the light
damage categories disappear and most or all of the trees are snapped or uprooted, thus driving down
diversity. Therefore, considering damage diversity as a component of multidimensional concepts of
structural complexity, it may be expected that structural complexity overall may also show a peak at
intermediate levels of damage severity, at least after wind disturbances. At least three previous studies
have examined structural complexity after wind disturbances [28-30]. Szmyt and Dobrowolska [28]
specifically reported higher structural complexity in intermediate-severity sites, although their metrics
did not include damage diversity. Meigs and Keeton [30] did not quantitatively relate complexity
to severity; they did, however, note that the intermediate-severity wind disturbance can augment
structural complexity. Since these interesting trends reported in previous work [28,30] do not employ
damage diversity in their calculations of structural complexity, there could be a variety of components
of complexity that are maximal at intermediate levels of wind damage severity.

The intermediate peak in damage diversity appears to be a very robust relationship, as affirmed
by several lines of evidence. First, using two different indices of diversity (Figures 8 and 9), and with
datasets employing two different tree size minima, there was a consistent peak in damage diversity at
intermediate levels of disturbance severity. Second, very similar—albeit noisier—relationships were
revealed when using counts of individuals in the damage diversity calculations, showing that this
trend is also robust to the actual measure of abundance (counts vs. basal area). And third, these trends
are revealed within individual sites as well as across the pooled datasets (Figure 10), quelling concerns
that the intermediate peak relationship could be some sort of artifact of the pooled analysis. Thus,
very similar trends are seen across two indices of diversity, two measures of abundance, two tree size
minima, two plot sizes, and for individual sites as well as pooled sites.

The results reported here have striking parallels in the suggestion by Gough et al. [25] that
intermediate severity disturbances may, via enhanced complexity, provide a mechanism for aging
mature forests to maintain net ecosystem production. Their reasoning is that disturbances that are
frequent but that are not fully stand-replacing will maximize canopy rugosity (a single-metric measure
of complexity) which in turn will promote higher-than-expected net primary productivity that can
offset increasing heterotrophic respiration, and thus maintain net ecosystem productivity as forests
age (see similar reasoning in [14]). If broadly confirmed, their hypothesis, along with results reported
here, together suggest that low- to intermediate-severity disturbances may play vital roles in both
ecosystem and community ecology via their influence on complexity.

Limitations As with any correlative study, the relationships revealed here are intertwined with multiple
other causal factors and cannot be convincingly separated without complex, controlled experiments.
For example, while this work revealed little influence of species richness or diversity on damage
diversity, it is quite likely the species composition influenced the types of tree damage and therefore
the level of damage diversity. One striking species effect on wind damage is the phenomenon of
interlocking or extensively grafting root systems [86], which can result in exceedingly strong rooting
and therefore a virtual absence of uprooting in the face of high winds for such trees. Alternatively,
Canham et al. [82] suggest that certain species may preferentially ‘sacrifice’ major limbs to maintain an
intact trunk and root system and thereby assure the ability to regrow from an elevated position; such
species might rarely suffer uprooting or trunk breakage even in extreme winds. It is likely that species
differences influenced the results seen here, but that influence may not compromise the validity of
these results. The trends reported appear to be consistent across many forest types, and under a wide
variety of sampling constraints and methodologies; even if species effects were hidden influences
on the patterns in one or a few locations, it seems unlikely that trends observed across such a large
collection of data sets would be vulnerable to such influences. Moreover, even single sites (Figure 10)
show the same trends as the larger ensemble of observations; since compositional variation within a
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given site is modest, the peaked damage diversity vs severity curve would be unlikely to be driven by
species effects.

Management While the primary objective of this research was to understand how wind disturbance
might contribute to structural complexity, there may be management insights to be gained from
considering these findings. Creation, by human intervention, of the types of damage discussed herein,
would be likely to be laborious and expensive, in part because several different tasks would need
to be employed, and the damage types discussed are the result of application of large forces high
in a tree. In some circumstances, managers may choose to apply novel techniques, such as use of
explosives to remove the top of a tree and create a snag with live lower branches [18]; such actions,
though, are likely to be financially affordable only when applied to a modest number of selected
individual trees. However, managers can exploit the well-known phenomenon [87] that trees in
recently thinned or harvested stands are much more likely to fall. Application of variable density
thinning or newer harvesting methods to retain scattered trees will parallel an intermediate severity
wind event in terms of canopy opening, and will by default result in the occurrence of many of
these types of damage discussed here. While such actions are an imperfect mimic of natural wind
disturbance, they can serve to facilitate creation of some structural complexity attributes while still
allowing resource extraction [87].

5. Conclusions

Damage diversity is presented as a potentially useful metric of structural complexity in forests
following wind disturbance. Characterization of damage diversity in 18 distinct study sites in eastern
North America shows that the metric is readily quantified and robust to differing indices of diversity,
differing minimal tree sizes, and differing measures of abundance. Visualization via ordination showed
that uprooting tends to become the predominant damage category as damage severity increases.
A noteworthyresult was that damage diversity peaks at intermediate levels of damage severity,
and when viewed in combination with previous research, there may be an emerging trend that
structural complexity overall is maximal when wind disturbance is of intermediate severity.

This research is a first step on a novel conceptual pathway, and suggests a variety of ways the
damage diversity concept may be extended. Considering emphases of past research on spacing and size
variation as additional major dimensions of complexity, it may be informative to merge the damage
diversity approach presented here with tree size categories to have a larger suite of size-damage
categories, each potentially with distinct implications for fostering species diversity in the recovering
forest. Damage categories were examined here in an entirely non-spatial manner, but could easily
be analyzed using measures of spatial autocorrelation, clustering, or neighborhood intermingling.
It remains to be seen if other components of complexity, such as metrics based on spacing or size
variation, show similar relationships to severity. With an eye to generalizing to other disturbance types,
this approach might easily be applied to ice storm damage in forests. Considering fire, although the
particular damage categories presented here obviously would not apply to a post-fire context, a similar
perspective might examine categories of fire damage such as intact, partial foliage scorch, all foliage
scorched, and larger branches consumed.
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Abstract: Research Highlights: Excess N from atmospheric deposition has been shown to decrease
plant biodiversity of impacted forests, especially in its effects on herbaceous layer communities.
This work demonstrates that one of the mechanisms of such response is in N-mediated changes in the
response of herb communities to soil resources and light availability. Background and Objectives:
Numerous studies in a variety of forest types have shown that excess N can cause loss of biodiversity
of herb layer communities, which are typically responsive to spatial patterns of soil resource and
light availability. The objectives of this study were to examine (1) gradients of temporal change in
herb composition over a quarter century, and (2) spatial patterns of herb cover and diversity and how
they are influenced by soil resources and canopy structure. Materials and Methods: This study used
two watersheds (WS) at the Fernow Experimental Forest, West Virginia, USA: WS4 as an untreated
reference and WS3 as treatment, receiving 35 kg N/ha/yr via aerial application. Herb cover and
composition was measured in seven permanent plots/WS from 1991 to 2014. In 2011, soil moisture
and several metrics of soil N availability were measured in each plot, along with measurement
of several canopy structural variables. Backwards stepwise regression was used to determine
relationships between herb cover/diversity and soil/canopy measurements. Results: Herb diversity
and composition varied only slightly over time on reference WS4, in contrast to substantial change
on N-treated WS3. Herb layer diversity appeared to respond to neither soil nor canopy variables
on either watershed. Herb cover varied spatially with soil resources on WS4, whereas cover varied
spatially with canopy structure on WS3. Conclusions: Results support work in many forest types that
excess N can decrease plant diversity in impacted stands. Much of this response is likely related to
N-mediated changes in the response of the herb layer to soil N and light availability.

Keywords: herbaceous layer; excess nitrogen; canopy structure; temperate forests

1. Introduction

The herbaceous layer is increasingly acknowledged for its significant contribution to the integrity
of the structure and function of forest ecosystems [1-3]. This has likely contributed, in part, to the
notable increase, in recent decades, in research activity of plant ecologists investigating the dynamics
of forest herb layer communities. Based on the number of publications, the new millennium has
witnessed an unprecedented increase in research efforts. The number of papers published on the herb
layer in the current, incomplete decade alone exceeds the total number of papers published in the 20th
century by nearly 100% [2].

Along with growing awareness of the essential role that the herb layer plays in forest ecosystems is
an increase in studies investigating the ecological factors that influence its dynamics, including spatial
and temporal variation in species composition and aboveground cover/biomass. A review of this
expanding literature reveals sharp contrasts among the forest types studied, including widely varying

Forests 2019, 10, 66; d0i:10.3390/f10010066 139 www.mdpi.com/journal/forests



Forests 2019, 10, 66

land use history, that preclude broad generalizations regarding specific ecological drivers that help
shape forest herb communities. Certainly, any list of abiotic factors affecting these communities would
include light and moisture, especially as mitigated by the overstory canopy, as well as temperature
regimes [4]. Temperature responses are of particular interest with their implications for the future of
forests in the context of climate change [5,6].

Although the utility of considering stratification of vegetation in forest communities has been
questioned (see Parker and Brown [7] and discussion therein), it is clear that solar radiation attenuates
through a forest canopy in ways that that alter both the quantity and quality of light reaching the forest
floor. Light availability is the most spatially and temporally variable component of the environment of
the forest floor, varying at numerous levels over time and space, in a manner described as a dynamic
mosaic [8], penetrating the canopy and reaching the forest floor in sunflecks, i.e., mosaics of discrete
patches of light varying in size and distribution over time scales from the diurnal to the seasonal.
In addition, soil resources, including nutrients and moisture, are often spatially quite heterogeneous in
ways that influence the dynamics of the herb layer [9-11].

Given the increased interest in the importance of the herb layer to maintaining the structure
and function of forest ecosystemes, it is not surprising that considerable research has been devoted
to understanding what environmental factors most sensitively affect herb layer composition and
cover. Some of the more extensive earlier work was carried out by Rogers [12-16] in the 1980s in
conifer and hardwood forests of the northern U.S. and Southern Canada. This work revealed that
there can be great interannual variability in herb cover. He also concluded that soil fertility was more
important than climate variables in influencing forest herb communities. In one of the more complete
studies of vegetation recovery following disturbance, however, Reiners [17] showed that community
reorganization was largely driven by light availability, as Rubus spp. increased and then sharply
decreased during canopy redevelopment. Using a database of studies investigating effects of resources
on herb layer diversity, Bartels and Chen [9] concluded neither resource availability nor heterogeneity
solely influences herb layer dynamics. Reich et al. [18] found that spatial heterogeneity in the light
environment most directly affect herb richness in southern boreal forests. This was confirmed for both
richness and herb cover by Kumar et al. [19] studying similar stand types, with the same response
found for biomass [20].

In addition to these components of the ambient environment of the forest floor are anthropogenic
influences, virtually all of which represent threats to forest health, particularly regarding the herb
layer of impacted forests, including the effects of excess N from atmospheric deposition [21-23].
Gilliam et al. [24] examined a quarter century of experimental additions of N on an entire watershed
(WS) at the Fernow Experimental Forest (FEF), West Virginia, to study the effects of excess N on
temporal and spatial dynamics of the herb layer of a Central Appalachian hardwood forest. This study
involved nearly annual monitoring of herb layer composition and cover of permanent plots from
1991 to 2014 on both an N-treated watershed and the long-term reference watershed at FEF (WS4),
a ~100 year old mixed hardwood forest. They found a pronounced shift in herb layer composition
over the 25 years of experimental N additions to the treatment watershed, and determined that such
change arose from increases in a nitrophilic species (i.e., Rubus allegheniensis Porter that competitively
excluded numerous N-efficient herbaceous species, ultimately decreasing plant diversity.

This response supported the N homogeneity hypothesis, which predicts that excess N deposition
to forest ecosystems increases the spatial homogeneity of N by decreasing natural patchiness of N
availability essentially by filling in the low-N matrix within which discrete high-N patches occur [25].
As a result, temporal increases in atmospheric inputs of N should increase N availability within this
matrix to approach that within the patches of high fertility. Nitrophilic plant species of the forest
herbaceous layer then increase in dominance, outcompeting the more numerous N-efficient species
and decreasing biodiversity of the forest, up to 90% of which is represented by the herb layer [1].

To further investigate this response, Walter et al. [26] carried out field studies on the response of
R. allegheniensis to variation in light and N availability. They compared relative cover of R. allegheniensis
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in N-treated WS3 and another untreated watershed at FEF (WS7) and among N-fertilized and
unfertilized experimental plots; both approaches utilized canopy openness as a covariate. The ex situ
experiment used a two-way factorial design, measuring leaf area with two levels of N and three of
light. Results of both approaches were consistent in revealing that the effects of N availability on cover
were significantly mitigated by availability of light.

The objectives of this paper are two-fold. The first is to further analyze data from the
Gilliam et al. [24] study to more specifically focus on gradients of change in herb layer composition and
temporal variation in indices of biodiversity in the context of forest response to excess N. The second
includes previously unpublished canopy structural data to examine spatial patterns of herb cover
and diversity and how they are influenced by several metrics of canopy structure (many of which are
indicative of light availability to the forest floor [27]) and soil resources in both watersheds, with a
particular focus on how excess N might alter these relationships.

2. Methods

2.1. Study Site

This study was carried out at the Fernow Experimental Forest (FEF), Tucker County, West Virginia
(39°03'15” N, 79°49'15” W), as part of a long-term study on the effects of chronic additions of N on the
structure and function of central Appalachian hardwood forest ecosystems. Fernow Experimental
Forest is a ~1900 ha area of the Allegheny Mountain section the unglaciated Allegheny Plateau.
Precipitation for FEF averages ~1430 mm yr~!, with precipitation generally increasing through the
growing season and with higher elevations [24].

Two watersheds were used for the location of sample plots: WS3 and WS4, with WS3 serving as the
treatment watershed, receiving aerial additions of (NH4)»,SO4, and WS4 serving as reference watershed.
Applications of (NH4),SO4 to WS3 began in 1989 and are currently on-going. Aerial applications of
(NHy4),SO4 are made three times per year, and historically have been administered by either helicopter
or fixed-wing aircraft. March and November applications are 33.6 kg/ha of fertilizer, or 7.1 kg/ha of N.
July applications are 100.8 kg/ha fertilizer (21.2 kg/ha N). Stands on WS3 were ~45 yr-old at the time of
most recent sampling in this study (2014); these are even-aged and developed following clearcutting.
WS4 currently supports even-aged stands >100 yr old.

Study watersheds support mixed hardwood stands. Overstory dominant species include sugar
maple (Acer saccharum Marsh.), sweet birch (Betula lenta L.), American beech (Fagus grandifolia Ehrh.),
yellow poplar (Liriodendron tulipifera L.), black cherry (Prunus serotina Ehrh.), and northern red
oak (Quercus rubra L.). In 1991, species composition of the herbaceous layer was quite similar
between watersheds, despite differences in stand age, including species of Viola, Rubus, mixed ferns,
and seedlings of striped maple Acer pensylvanicum L. and red maple A. rubrum L.

2.2. Field Methods

The herbaceous layer was sampled in five circular 1 m? sub-plots within each of seven circular
0.04 ha permanent sample plots using methods described in Gilliam et al. [24]. Briefly, all vascular
plants <1 m in height in each subplot were identified to species (sometimes to genus) and visually
estimated for cover (%); see Walter et al. [28] for detailed description of this method. This was
carried out in the first week of July each of the sample years 1991, 1992, 1994, 2003, and annually
from 2009 to 2014, for a total of 10 sample years over a 24-year period representing 26 years of N
treatment on WS3. When used for regression analyses, soil data were taken from Gilliam et al. [29],
including soil moisture (%), extractable NH;* and NO;~, and net N mineralization and nitrification.
Soil moisture was determined gravimetrically, NH;" and NO3;~ were measured colorimetrically
following 1N KCl extraction, and net N mineralization and nitrification were determined using in situ
incubations. These were for mineral soil only (O horizon excluded) that was taken to a 5-cm depth,
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with measurements made on a monthly basis. For this analysis, data from July 2011 were used to align
with the herb layer and forest canopy measurements.

Forest canopy measurements were made in July 2011 with a Riegl LD90-3100VHS-FLP laser
rangefinder (operating in first-return mode at 890 nm and 2 kHz, laser safety class I) mounted to the
front of a frame at 1 m above the ground and manually pointed upward, making 2000 measurements
per second. Data were transferred through a serial cable to laptop [30]. Using constant walking speed,
locations of each range measurement were estimated from its sequence in the data file. Generally,
distances between measurements were <1 cm, with the spot size of the laser beam being 4-6 cm at the
ranges measured.

The data files were edited to identify values that were out-of-range (e.g., when penetrating canopy
openings to the sky) and remove spurious values. The edited files were processed through a program
customized for grouping ranges horizontally, calculating vertical profiles (using methodology of
MacArthur and Horn (1969) [31]), estimating surface area density using the overlap transformation,
and assigning coordinates to each estimate. Bins used were 1 m in the horizontal and 1 m in the vertical.
Resulting estimates refer to cube-shaped voxels of 1 X 1 X 1 m in the x, y, and z dimensions, respectively.

2.3. Data Analysis

Herb layer data for the entire study period were subjected to detrended correspondence analysis
(DCA), using CANOCO 4.5, for each watershed separately to assess temporal change in herb community
composition. For graphical purposes, two dimensional means (from individual plot axis 1 and axis
2 values) were calculated for each year as centroids. Part of the output of DCA on CANOCO 4.5
(Microcomputer Power, Ithaca, NY, USA) are several metrics of biodiversity, including species richness
and evenness and Hill and Shannon diversity indices. Changes in metrics of biodiversity of the
herb layer over time, including species richness, evenness, and diversity, were assessed via Pearson
product-moment correlation [32].

For the purpose of this study, the following canopy structural variables were determined: canopy
area index (CAI), local outer canopy height (LOCH), rugosity, and gap fraction. Canopy area index
is the sum of surface area density across all levels in a column. Local outer canopy height is the
maximum surface height in a column—across all columns together these define the outer canopy
surface. Rugosity is a measure of the “roughness” of the forest canopy and is the standard deviation of
the mean outer canopy height. The gap fraction is the fraction of horizontal locations without any
canopy surface area directly above (one minus the “cover”) [30].

Potential effects of both canopy structure and soil variables on herb cover and biodiversity
metrics were assessed on data from 2011 (the only year for which canopy measurements were made)
using backwards stepwise regression. This procedure eliminates variables from the proposed model
sequentially until all remaining variables produce F statistics that are significant at a given level of
probability, in this case p < 0.05 [32]. This was used to identify which (if any) canopy and/or soil
variables best explain spatial variation in herb diversity and cover with the following initial model:

Y = moist + NH;* + NO; ™ + Nmin + nit + CAI + LOCH + gapfrac + rug

where, moist is soil moisture (%), NH4" is extractable soil NH4* (ug N/g soil), NO3 ™~ is extractable
s0il NO3™ (ug N/g soil), Nmin is net N mineralization (ug N/g soil/d), nit is net nitrification (ug N/g
soil/d), CAl is canopy area index, LOCH is local outer canopy height (m), gapfrac is gap fraction, rug is
rugosity, and Y is the dependent variable. Separate runs were made for the following dependent
variables: herb cover, richness, evenness, Hill diversity, and Shannon diversity.

For spatial analyses, herb layer cover, CAI, and LOCH were kriged separately in each watershed
and each year using an ordinary kriging method with a spherical variogram model and global search
radius in R package gstat [33]. Each model was fit using a common initial range and sill value and
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interpolated onto a grid with a cell resolution of 5 X 5 m. Grids were mapped in ArcGIS using 20 equal
intervals that spanned the range of kriged values for cover, CAI, and LOCH, separately, for 2011.

Temporal change in metrics of biodiversity for the study watersheds was assessed via linear
correlation of individual metrics versus year, from 1991 to 2014. In addition, because of its potential as
a mechanism driving change in these metrics, as just discussed, cover (%) of R. allegheniensis was also
assessed in this manner.

3. Results and Discussion

3.1. Temporal Variation in Composition of the Herbaceous Layer

For clarity, the results of DCA are presented in two figures for each of reference WS4 and
treatment WS3, the first with annual centroids labeled by year and arrows depicting temporal trends as
trajectories of change in ordination space. The second figure for each watershed displays the location of
prominent herb layer species for each watershed, along with unlabeled annual centroids for purposes
of comparison.

As WS4 is typical of a mature second-growth stand of the central Appalachian region [34],
results suggest that, although there is notable inter-annual variability, changes in herb community
composition is not unidirectional over time in such stands. For example, although substantial variation
occurred in the nine years between 1994 and 2003, far more occurred in the following six years to 2009;
indeed, this represented a return toward increased similarity with 1991, despite the 18 year duration of
this period (Figure 1). Species variation along this time trend appeared to occur across two gradients.
The first of these suggests a fertility gradient, from Vaccinium spp. (VACC), which are well-adapted to
weathered, infertile soil [35], to Smilax rotundifolia (SMRO), and then Rubus allegheniensis (RUAL) a
nitrophilic species [26,36]. The second is likely a moisture gradient, from seedlings of overstory species
(e.g., Quercus rubra, Acer saccharum, A. rubrum) (QURU, ACSA, ACRU) to Laportea canadensis (LACA)
and Dryopteris intermedia (DRIN), which are characteristic of moist forest soils [37,38] (Figure 2).

Differences between results of DCA on temporal trends of herb composition WS4 and those of
WS3 suggest the profound effects of experimental additions of N on herb layer dynamics. Although
there was minimal variation along Axis 1 during the initial period of the study (1991-1994), there
was a substantial shift in composition from 1994 to 2003, one which never returned toward the initial
period, as was observed for WS4 (Figure 3). Similar to WS4, species variation along this time trend
on WS3 occurred across two gradients. The first suggests a disturbance gradient, from S. rotundifolia,
often associated with canopy disturbances [39], to fern species (Polystichum acrosticoides, Dennstaedia
punctiloba) (POAC, DEOU), which are better adapted to less-disturbed conditions (Figure 4).
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Figure 1. Detrended correspondence analysis (DCA) for herbaceous layer communities from 1991 to
2014 on reference watershed WS4. Data points shown along with years are centroids (two-dimensional
means) for each year.
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Figure 2. Detrended correspondence analysis (DCA) for herbaceous layer communities from 1991 to
2014 on reference WS4. Depicted are prominent species, along with centroids as shown in Figure 1.
Species codes are as follows: ACPE (Acer pensylvanicum), ACRU (A. rubrum), DRIN (Dryopteris
intermedia), LACA (Laportea canadensis), POAC (Polystichum acrostichoides), PRSE (Prunus serotina),
QURU (Quercus rubra), RUAL (Rubus allegheniensis), SMRO (Smilax rotundifolia), VACC (Vaccinum spp.),
and VIOLA (Viola spp.).
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Figure 3. Detrended correspondence analysis (DCA) for herbaceous layer communities from 1991 to
2014 on N-treated WS3. Data points shown along with years are centroids (two-dimensional means)

for each year per watershed.
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Figure 4. Detrended correspondence analysis (DCA) for herbaceous layer communities from 1991 to
2014 on N-treated WS3. Depicted are prominent species, along with centroids as shown in Figure 3.
Species codes are as follows: ACPE (Acer pensylvanicum), ACRU (A. rubrum), DEPU (Dennstaedtia
punctilobula), POAC (Polystichum acrostichoides), RUAL (Rubus allegheniensis), SMRO (Smilax rotundifolia),

and VIOLA (Viola spp.).
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The most notable gradient, and one that has important implications for effects of N on forest
biodiversity, is that between Viola spp. and R. allegheniensis. In particular, both the direction and
distance between those two species in ordination space reflects a change in dominance of the herb
community from 1991 to 2014 (Figure 4). That is, the once-dominant and species-rich Viola group has
been replaced by R. allegheniensis, supporting earlier predictions of the N Homogeneity Hypothesis:
that increasing inputs of N would provide a competitive advantage to nitrophilic species, such as
R. allegheniensis, at the expense of N-efficient species which comprise most of the biodiversity of the
herb community [25]. This response is one of the more prominent mechanisms by which excess N can
decrease forest biodiversity, considering that (1) there is far greater species richness among N-efficient
species than among nitrophilic species, and (2) up to 90% of plant diversity of forest ecosystems is in
the herb layer [40].

3.2. Change in Herb Diversity Metrics over Time

Species richness (S) increased significantly (p < 0.0004) on WS4 for the study period, suggesting
that herb communities in mature second growth hardwood stands can experience the influx of new
species well after 100 yr of post-disturbance succession. By contrast, species evenness (J) did not vary
significantly (p > 0.05) with time, resulting in no change in herb layer diversity (Hill's N2). Significant
increases in cover of R. allegheniensis did not influence any metrics of biodiversity (Table 1).

Table 1. Pearson product-moment correlation coefficients between species richness (S), evenness (J),
and diversity (Hill’s N2), and cover of Rubus allegheniensis (Rubus, in %) versus time (years) on reference
WS4 and treatment WS3. Thus, significant positive and negative coefficients indicate increases and
decreases, respectively, over time. Values shown are coefficients significant at p < 0.05. NS indicates no
significant correlation.

Metric WS4 WS3

S 091 NS
] NS  -0.81
Hill’s N2 NS —0.64
Rubus 0.86 0.98

Contrasts between watersheds, as depicted in Table 1, suggest both the profound effect of excess
N on herb diversity and the principle mechanism for such an effect. As already reported for this
site [24], and consistent with findings of numerous other studies [41-43], chronic additions of N to
WS3 have significantly (p < 0.05) decreased herb layer diversity. Although both richness and evenness
contribute to species diversity, these results reveal that the N-mediated loss of diversity arose from
decreased species evenness, which also declined significantly (p < 0.005), and not species richness,
which showed no change (Table 1). Combining these contrasts with the highly significant (p < 0.0001)
increase in R. allegheniensis on WS3 confirm that these N-mediated declines in herb diversity are driven
primarily by increasing cover of a nitrophilic species, as initially predicted by Gilliam [25] and found
in several studies in contrasting forest types [21,44-46]. It is notable that R. allegheniensis increased
significantly on WS4 over this same period, yet appeared to have no influence on herb diversity metrics.
The increase is quite likely from the chronically elevated ambient levels of N deposition for this site [24],
whereas the lack of effect is the much lower degree of increase on WS4.

146



Forests 2019, 10, 66

3.3. Influences of Canopy and Soil Variables on Herbaceous Biodiversity and Cover

When the model was run with each of richness, evenness, and diversity separately, none was
significant (p > 0.05), suggesting that neither canopy nor soil variables measured herein influences herb
layer biodiversity for either watershed, regardless of experimental treatment. By contrast, regressions
for cover revealed significant, though contrasting, model outcomes for both watersheds (Table 2).
Indeed, such contrasts were strongly suggestive of effects of added N on herb layer cover. Results
indicate that for reference WS4, herb cover was influenced by soil resources, rather than canopy
structural variables, especially pools of available NH4* and NO;~ (Table 2). Model outcome for
treatment WS3, however, demonstrated that canopy structural, rather than soil resource, variables
were primarily influencing herb cover. Thus, in the absence of added N, cover appears to be controlled
primarily by soil N, whereas chronic additions of 35 kg N/ha/yr have brought about a shift in control
wherein light availability, as influenced by canopy structure, more sensitively influences herb cover in
these forest stands.

Table 2. Backward stepwise regression for study watershed at Fernow Experimental Forest, WV,
beginning with the following initial model: cover = moist + NH;" + NO3~ + Ny, + nit + CAI
+ LOCH + gapfrac + rug, where cover is percent herb layer cover, moist is soil moisture, NH;™" is
extractable soil N, NO3~ is extractable soil N, N, is net N mineralization, nit is net nitrification, CAI is
canopy area index, LOCH is local outer canopy height, gapfrac is gap fraction, and rug is rugosity.
See Methods for explanation of canopy structural variables, stepwise regression procedure, and units
for independent variables.

Watershed Final Model r?
WS4 Cover = 60.8 — 5.3NH,* + 12.6NO3~ 0.85
WS3 Cover =408.5 — 58.9CAI + 3.1LOCH - 909.6gapfrac 0.998

Among the canopy structural variables, canopy area index (CAI) and local outer canopy height
(LOCH) appeared to exert the strongest influence on herb cover on WS3. Neither were significantly
correlated with cover on WS4, but were negatively (r = —0.88, p < 0.05) and positively (r = 0.88, p < 0.05)
correlated, respectively, on WS3. Actual spatial patterns of all three variables on both watersheds were
determined via kriging (Figure 5). Because CAlI is the sum of surface area density across all levels in a
vertical column through the canopy, it should be negatively related to light availability to the forest floor.
That is, higher CAI would indicate a greater leaf area intercepting more light. The negative relationship
between CAI and cover on WS3 supports this (Figure 5). By contrast, LOCH likely positively related to
light availability to the forest floor, being calculated as the maximum surface height in a column, rather
than being an indicator of foliar surface area. This is consistent with the positive relationship between
LOCH and herb cover on WS3 (Figure 5).

Contrasts between treated and reference watersheds in the present study suggest that a similar
phenomenon to that reported by Walter et al. [26] for R. allegheniensis (see Introduction) may have
occurred for the herb community as a whole. That is, 25 years of adding N to WS3 has likely shifted
herb cover toward being more sensitive to spatial variability of light incident on the forest floor due to
less dependence on available soil N.
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Figure 5. Spatial patterns of herbaceous layer cover, canopy area index, and local outer canopy height

for study watersheds at Fernow Experimental Forest, West Virginia, July 2011. Shown also are locations
of permanent sample plots on each watershed.
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4. Conclusions

Differences found in this study between reference WS4 and N-treated WS3 in the nature of how
the herb layer is affected by soil resources versus canopy structure highlight mechanisms of how
excess N can influence forest herb communities, adding to a growing number of such studies. Results
presented here further demonstrate the loss of forest biodiversity, via decreases in species diversity
of herb communities, in response to simulated increases in deposition of N. In addition, this study
suggests that excess N can facilitate a shift in factors controlling herb layer dynamics from variation in
soil resources to variation in canopy structure.

Finally, ambient deposition of N is currently far different than that which initially created the
impetus for studies of excess N on forest ecosystems. Due to the efficacy of the Clean Air Act in
the United States, deposition of oxidized N has been declining in recent decades, particularly in the
eastern U.S. [47,48]. In contrast, deposition of reduced N has increased over the same period [49].
Thus, future investigations on impacts of N on forest ecosystems should consider both the ways in
which N-impacted forested regions recover toward pre-impact conditions and the responses of forests
to changes in dominant chemical forms of N. Gilliam et al. [49] has suggested a hysteretic model for
such recovery, which predicts a variable and, in some cases, considerable lag time before such changes
may be detected. The question remains regarding how the herbaceous layer of N-impacted forests,
and its response to soil and canopy structure, will change in a lower-N future.
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Abstract: Ecologists have studied geographic gradients in biodiversity for decades and recently
mapped the intensity of the “human footprint” around the planet. The combination of these efforts
have identified some global hotspots of biodiversity that are heavily impacted by human-caused land
cover change and infrastructure. However, other hotspots of biodiversity experience less intense
modifications from humans. Relationships between species diversity and the human footprint may be
driven by covarying factors, like climate, soils, or topography, that coincidentally influence patterns
of biodiversity and human land use. Here, I investigated relationships between tree species richness
and the degree of human modification among Forest Service ranger districts within the contiguous
US. Ranger districts with more tree species tended to experience greater human modification. Using
data on climate, soils, and topography, I explored mechanisms explaining the positive relationship
between tree richness and human modification. I found that climate is related to both tree richness
and human modification, which may be indirectly mediated through climate’s role governing
productivity. Ranger districts with more productive climates support more species and greater
human modification. To explore potential conservation consequences of these relationships, I also
investigated whether the amount of area designated within highly protected conservation lands
were related to climate, productivity, and topography. Less productive ranger districts with steeper
slopes tended to experience the greatest relative amounts of conservation protection. Combined,
these results suggest that complex relationships explain the geographic patterns of biodiversity and
the human footprint, but that climate and topography partially govern patterns of each.

Keywords: biodiversity; climate; human footprint; productivity; topography; USDA Forest Service

1. Introduction

Some forests on Earth support hundreds of different species of trees within a given-sized area
(e.g., wet tropical forests), while others only support one species within the same-sized area (e.g.,
boreal forests) [1]. This variability in the geography of species diversity has intrigued biologists for at
least two centuries, and various hypotheses have been proposed to explain gradients in diversity [2].
At more local scales, ecologists also have been studying the consequences of variability in species
diversity among sites. Do sites rich with species diversity function differently than sites with fewer
species? Are more diverse forests more resistant or resilient to disturbance and drought compared to
less diverse forests (e.g., [3,4])? These kinds of questions form the basis of active research programs
and have resulted in important insights into the effects of species diversity on ecosystem functions [5].
Acknowledging the role species diversity plays in the functioning of ecosystems influences policy and
management of wildland and agricultural ecosystems. For instance, the very mission of the United
States Department of Agriculture Forest Service (USFS), which manages 780,000 km? of land, is “to
sustain the health, diversity, and productivity of the Nation’s forests and grasslands to meet the needs
of present and future generations” (emphasis added).

Human use of forests to harvest food, fuel, and fiber, as well as the transportation and
infrastructure needed to support economies, has altered forested landscapes around the globe [6].
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Collectively, human alteration of ecosystems has been described as the “human footprint” [7]. Use
of this concept has allowed geographers and ecologists to map the degree of human footprint and
by converse—wildlands [8] or wildness [9]. In most regions of the globe, the human footprint has
expanded resulting in loss of the planet’s wildlands at accelerating rates [10]. In some cases the human
footprint is concentrated in global biodiversity hotspots [7], leaving less diverse regions more wild
and undeveloped [10]. The circumboreal taiga forests and tundra, for instance, are relatively wild,
but with fewer overall species compared to some places on Earth. Central America, parts of Africa,
and Southeast Asia are rich with species and also subjected to an increasing human footprint. Some
species-rich regions retain a relatively minimal human footprint (e.g., the Amazon River Basin), but
have—in recent years—experienced an increase in human impact [7]. These patterns are concerning
and indicate regions in need of conservation to monitor and mitigate human impacts to the most
diverse places. The collective impacts of the human footprint on species populations and overall
biodiversity result from individual and combined effects of habitat fragmentation, direct harvesting of
individuals, vectors for invasive species, among others [11,12].

While relationships between gradients of biodiversity and the human footprint are clear in some
regions, the reasons why species rich areas tend to experience a greater degree of human impact are
intriguing and somewhat equivocal [13]. Climates favorable to many species tend to be agriculturally
productive, but given the limitations of soil resource availability—this is not always the case [13]. Hot
humid tropical environments rich in species also can have highly weathered soils that limit potential
agricultural productivity [14]. Moreover, actual productivity of biomass and species diversity are
sometimes—but not always—positively correlated within and across regions [15]. Therefore, the
relationships between climate, species diversity, and the composite human footprint are complex
and require further study. This is especially true given the potential conservation implications of
biodiversity hotspots being more heavily modified by humans [16].

With these questions in mind, I acquired spatial data on the degree of human modification, species
diversity (tree richness), climate, and soils to investigate patterns among ranger districts of USFS lands
in the contiguous United States. First, I asked whether USFS ranger districts with the greatest tree
species richness experience more intense impacts by humans. Or, is the human footprint randomly
distributed among ranger districts with respect to richness of tree species? I then assessed relationships
among climate, potential soil productivity, net primary productivity, and topography to investigate
environmental conditions that may give rise to observed patterns between tree species richness and
human impacts. For instance, are relationships between patterns of species richness and human
impacts driven by covarying factors like climate, soils, and topography, or potentially mediated by
gradients in forest productivity? Humans may tend to more intensively modify areas rich in species
if climatic and topographic conditions that support species-rich areas are also more sought after for
agricultural production or other human infrastructure. Finally, I investigated how ranger districts
varied in their degree of conservation protection (e.g., wilderness areas) and whether the amount of
protection varied along gradients in productivity and topography. I was interested in whether the
percentage of ranger districts protected was related to topography or productivity. I predicted that
ranger districts with steeper slopes and less productive forests may experience the greatest amount
of conservation protection, as these lands are less politically contested for resource extraction (e.g.,
timber) than highly productive forests with gentler topography [17].

2. Materials and Methods

I focus attention on the 492 USFS ranger districts because their management is governed by a
consistent set of laws and regulations, and they are distributed across varying gradients of climate,
forest types, and regions (Figure 1). Understanding variability in human modification and species
diversity among national forests provides a geographically dispersed and convenient case study for
assessing patterns of climate, human modification, and species richness (Figure 1). Results from such a
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study could also help place local ranger districts into a broader national context when implementing
conservation plans within and among national forests.

. USFS Ranger Districts
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Figure 1. Spatial data used to analyze relationships between tree species richness, the degree of human
modification, climate, vegetation productivity, soil productivity, and topography. Forest cover is shown
for reference.

I obtained data from various sources and brought them into a geographic information system
(GIS) to calculate average values of tree richness, human modification, climate, and protected areas
for each ranger district (Figure 1). Data on the spatial location and distribution of administrative
boundaries of ranger districts were obtained from the USFS geodata clearinghouse (https://data.
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fs.usda.gov/geodata/). I obtained tree richness estimates from Jenkins et al. (2015) [18], which
represents a 10-km resolution mapped gridded dataset representing the number of overlapping tree
species based on distribution maps of Little (1971) [19]. Non-native tree species were not included
in this dataset. I obtained human modification data from Theobald 2013 [20], which is similar to
the global human footprint data [21] but is higher resolution and available for the contiguous US.
This data layer is a 270-m resolution composite gridded dataset that ranges from 0 to 1 representing
mapped impacts to ecosystems, including developed land cover, land use (including recent timber
harvests), roads, transmission lines, and structures. Climate data were obtained from Dobrowski
et al. (2013) [22]. T used estimates of average actual evapotranspiration (AET) and annual water
deficit, as they integrate temperature and precipitation with topography and latitude to represent
climate gradients important for plant growth and the distribution of vegetation types [23]. Net primary
productivity data representing modeled annual average g C m~2 year™! between the years 2000 and
2012 were obtained from the Numerical Terradynamic Simulation Group (NTSG) at the University
of Montana [24]. Predicted soil productivity data were developed by Scott et al. (2001) [25] and used
by Aycrigg et al. (2013) [26]. The dataset is an ordinal composite score based on five soil factors that
influences fertility. I also used a mapped layer of estimated steepness of topography (slope in degrees)
that was calculated from a 30-m resolution digital elevation model. Protected area data were obtained
from the Conservation Biology Institute [27].

After bringing data into a GIS, I calculated the mean values of tree richness, human modification,
AET, soil productivity, and slope steepness for each ranger district (N = 492). I also calculated the
percentage of each ranger district that is protected in Gap Analysis Program (GAP) 1 or 2 status lands
of conservation areas. GAP status values range from 1 to 4 and represent the degree of conservation
protections. GAP 1 and 2 are the highest degrees of protections and include designated wilderness
areas and national parks, or other designations that mandate protection of biodiversity, prevention
of land cover conversion, and with strict limitations on commercial extractive activities (mining and
timber harvests).

Ibegan the analysis by producing a scatterplot of average tree richness and human modification
for each ranger district and running a simple linear model to describe the relationship among ranger
districts. After finding a significant positive relationship where the ranger districts with the greatest
species richness tended to also be the most impacted by humans, I developed a path diagram with
hypothesized relationships between climate, soils, topography, productivity, tree richness, and human
impacts (Figure 2) to describe possible mechanisms explaining patterns. I considered relationships
between exogenous variables (climate, soils, and topography) and endogenous variables (productivity,
human modification, and species richness). I purposefully left out the connection between tree richness
and human modification in the path diagram, to instead explore potential underlying explanations for
the positive relationship between tree richness and human modification. I also included the percentage
of land within a protected area in the path diagram to test my predictions concerning conservation
protections on ranger districts with varying topographic steepness and productivity. I did not include
linkages among all variables. In some cases, variables could be hypothetically linked at finer spatial
scales than considered in my assessment. Human modification may, for instance, influence species
richness, but I did not include this because of the coarse resolution of the species data. At stand-scales
human land use via timber harvesting may influence species composition and diversity [28], but I
was interested in broader biogeographic patterns and was limited to coarse data based on continental
range maps of trees.

After developing the path diagram, I standardized variables by converting them to z-scores based
on their distribution [29] and subjected the path diagram to a structural equation model using the
R package “lavaan” [30], relying on fit metrics and parameter estimates to interpret relationships
among variables. Specifically, I evaluated the X? model fit test statistic (where p-value > 0.05 suggest
goodness of fit), comparative fit index (CFI) and Tucker-Lewis Index (TFI), the root mean square
error of approximation (RMSEA), and the standardized root mean square residual (SRMS) [31]. I also
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evaluated the parameter estimates for each path in the model and plotted the significant results in
an updated path diagram highlighting positive and negative relationships and their relative values.
I first included both AET and water deficit in a latent variable “climate”, which did not improve
overall model fit. Instead, for my final model, I used AET alone, which is correlated with water deficit
(r=—0.62, p < 0.001) and resulted in a better overall model fit.

Climate \

L Human
Productivity modification
A
Soils
A 4
Species Conservation
diversity protection

Topography /

Figure 2. Hypothetical path diagram depicting relationships between climate, soils, topography and
their direct or indirect influence on productivity, species diversity (tree richness), the degree of human
modification, and conservation protection of United States Department of Agriculture Forest Service
(USFS) ranger districts.

3. Results

Ranger districts with more predicted tree species tended to be more heavily modified by humans
compared to ranger districts with fewer species (Figure 3). For instance, the predicted degree of human
modification roughly doubles from ranger districts with 30 estimated species to those with 90 species
(i-e., slope of relationship = 0.0034, p < 0.0001).

The proposed path model fit well the structure of the data (X2 = 1.48; p-value = 0.687; d.f. = 3;
RMSEA = 0 with 90% confidence intervals of 0 and 0.058; SRMR = 0.009; CFI = 1.0; TLI = 1.0; Figure 4;
Table 1). A p-value > 0.05 from the X? test provides support for the proposed structure in the path
model [29]. Endogenous modeled relationships varied in their degree of explanatory power with
models of tree richness and human modification having the highest R? values of 0.815 and 0.621,
respectively. R? values for paths to productivity and conservation protection were lower at 0.286 and
0.170, respectively.

The strength and nature (positive or negative) of relationships in the proposed path model varied
from non-significant, positive, and negative (Figure 4; Table 1). For instance, AET was positively related
to productivity, species richness, and the degree of human modification. Specifically, ranger districts
with higher AET were more productive, species rich, and heavily modified. Not surprisingly, estimated
soil productivity was positively related to observed productivity. Perhaps more surprisingly, the path
coefficient between soil productivity and human modification was not related among ranger districts.
Steepness of slope was positively related to productivity and conservation protection, but negatively
related to human modification. Ranger districts with steeper slopes tended to be more productive.
In general more mountainous districts captured more carbon. However, more topographically steep
ranger districts also have more of their area in GAP 1 or 2 lands. Productivity was positively associated
with species diversity and human modification, but negatively related to conservation protection.
More productive ranger districts tended to be more diverse and more heavily modified and have less
relative area in GAP 1 or 2 lands.
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Figure 3. Relationship between average tree richness (predicted number of species based on
overlapping species within mapped 10-km grid cells) and the average degree of human modification
of USFS ranger districts located in the contiguous US (N = 492). I added vegetation net primary
productivity (NPP; g C m~2 year’l) as a color ramp to illustrate additional patterns.
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Figure 4. Results of path analysis from the hypothetical path model presented in Figure 2. Significant
relationships in path coefficients are highlighted in either red (negative estimates) or green (positive
estimates) with the weight of the line varying with the size of the estimates (Table 1). Grey lines
represent non-significant paths. Dashed lines show correlations between exogenous variables.
AET = actual evapotranspiration, an estimate of climates favorable to plant growth; NPP = net
primary productivity.
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Table 1. Estimates of coefficients for relationships between factors in the proposed path diagram shown
in Figure 1. Results are plotted in Figure 4.

Estimate Standard Error z-Value p-Value

Human modification

Conservation protection —0.069 0.028 —2.425 0.015

Slope steepness —0.248 0.045 —5.54 <0.001

Productivity 0.096 0.033 2.892 0.004

AET 0.594 0.034 17.274 <0.001

Soil productivity —0.004 0.042 —0.095 0.925
Conservation protection

Productivity —0.194 0.041 —4.719 <0.001

Slope steepness 0.375 0.041 9.118 <0.001
Productivity

AET 0.472 0.042 11.175 <0.001

Slope steepness 0.489 0.055 8.82 <0.001

Soil productivity 0.339 0.056 6.081 <0.001
Species richness

Productivity 0.133 0.023 5.79 <0.001

AET 0.843 0.024 35.066 <0.001

Soil productivity 0.007 0.029 0.227 0.82

Slope steepness 0.019 0.03 0.617 0.537

4. Discussion

Why some places are more biologically diverse than others and why some places are more heavily
impacted by humans than others are two important questions explored by ecologists, geographers,
and conservation scientists. USFS ranger districts richest in tree species tended to be more modified by
humans. Species-rich ranger districts are closer to concentrations of high human population density,
developed lands, and infrastructure like roads and utility transmission lines compared to less species
rich forests. This relationship—where the most diverse lands are most modified by humans—seems
to be most strongly driven by climate. Climatic conditions related to high species richness are also
associated with lands more heavily modified by humans. However, soils and topography, in some
cases via their influence on productivity, also seem to partially explain the relationship.

The most species rich and modified ranger districts occur in the Southeastern US. Most of the
eastern national forests were obtained by the US federal government from private land in the early
1900s after having been subjected to intensive and widespread tree harvesting by private individuals
and timber companies [32]. In contrast, most western forest service lands were established from
existing federal lands [33]. Therefore, the history of land use and management tenure differs between
species-rich eastern and less-rich western forests. The indirect role that climate played in the history
of land use is more difficult to investigate, but climate likely plays a role in geographic patterns of
land use and settlement [34]. Areas with climates more favorable for crop production are typically
more intensively managed with greater land cover conversions to agriculture and resulting human
settlement and development of infrastructure [35]. Climate thus seems to at least partially influence
patterns of human modification.

Climate also governs geographic gradients in species diversity [36]. Climate as a common
variable influencing both patterns of land use and species diversity results in an indirect relationship
between tree richness and the degree of human modification. The relationship between biodiversity
and human footprint has been observed globally, with striking exceptions that reveal other limiting
factors on human land use, namely topographic and soil-based limitations. At a global scale, climatic
conditions favorable to tree diversity also have resulted in weathered soils that can be unproductive
for agricultural use [13,14]. Therefore, in some areas on Earth, climate favorable to plant production
and high species diversity are relatively unmodified by humans. In the case of ranger districts of
national forests studied here, soil productivity—at least based on the dataset I used—was not directly
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related to human modification and species richness. Rather, soil productivity was indirectly related
to tree richness and human modification via observed vegetation productivity. The most productive
soils were more productive in terms of biomass accumulation, which has a positive relationship with
tree richness and human modification. Not surprisingly, slope steepness was also related to human
modification. Ranger districts with steeper slopes were less impacted by human modification. Similar
patterns are observed globally, where the human footprint tends to be lower in areas characterized by
soils with limited agricultural suitability [7].

Steepness of slope also predicted how much of each ranger district was protected in conservation
reserves classified under GAP 1 or 2 status. The steeper the slopes across ranger districts, the higher
proportion of land that was protected. This is also not surprising and has been observed in other
studies [26], as steep slopes may be politically less contentious for legislative or administrative
conservation protections that limit commercial resource extractions, like timber harvests. Forests
with steeper slopes are more difficult and costly to harvest, and therefore represent lands more easily
set-aside in reserves [17]. Interestingly, more productive ranger districts tend to have lower relative
amounts of lands protected in GAP 1 or 2 conservation reserves. This pattern could be driven by
the fact that less productive forests—like steep slopes—are less economically viable for commercial
timber harvests. Productive forests are more likely to be sought after for active timber harvesting
programs [17], making limitations to commercial extraction of those forests more politically difficult.
An important area of ongoing conservation research seeks to identify lands rich with species that are
currently under-represented in protected areas or areas that could serve to maintain large resilient
landscapes [37,38]. There may be such opportunities in the species-rich and less well protected forests
of the southeastern US [18,39].

While I have tried to uncover some biogeographic patterns of tree richness, human modification,
climate, and topography, the conservation consequences of these patterns are less clear. Across
national forests of the contiguous US, humans seem to have preferentially modified lands rich in
species over less species rich lands. How the consequences of these modifications and their associated
impacts to ecological composition, structure, and function also vary across gradients of productivity,
diversity, climate, and topography may form the core of future research questions. If humans modify
species-rich areas more than species poor areas, are more species exposed to detrimental impacts of
human modifications, resulting in greater conservation concern? Alternatively, because species rich
areas tend to be more productive, could these human-modified ecosystems have more capacity to
absorb impacts and recover? Evidence supports both alternatives, depending on the metric used to
assess the questions. Species-rich areas of the Southeastern US have functionally lost foundational
species, like the American chestnut (Castanea dentata (Marshall) Borkh.), the result of an introduced
fungus from Asia [40]. Tree species composition throughout the region continues to be altered by
mortality from pests and pathogens, and the introduction of non-native trees [41,42]. Human pressures
have also resulted in the regional extirpation of many vertebrate species [43]. The eastern forests have
also shown high capacity to recover following widespread, intensive timber clearing and subsequent
high-grade logging [44,45]. However, land use demands in recent years has reduced forest cover
within ecoregions of the eastern US via increased development or forest harvesting [46].

While less species-rich ranger districts of the western US experience less human modification,
these patterns could be the result of the history of land use that accompanied Euro-American settlement
patterns, in addition to climatic influences of land use. Because western forests have not already been
as modified as the eastern forests does not mean that they will not be modified if development of
human infrastructure is left unmitigated. The expansion of the human footprint continues to increase
across the west [47], including into climates and topographies that may have once limited development.
Data presented here provide a national perspective on public forests, their degree of modification
(and therefore their degree of wildness [38]), tree richness, and proportion protected in conservation
reserves. Data summarized here could be used to identify valuable (wild and/or diverse) forests that
may be priorities for additional conservation based on their limited levels of conservation areas. In
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other words, these data could identify valuable but insufficiently protected ranger districts (sensu [46]).
In some cases, the most species rich ranger districts may be priorities for additional conservation
protection [18,48]. In other cases, the least human modified (wildest) forests with minimal protection
may be priorities for designating future conservation reserves [49,50]. The data summarized here can
be used to identify the wildest remaining forests with relatively low levels of protections.

There are several important limitations and caveats with this analysis. First, data were
summarized within USFS ranger districts, which are large (median area of ranger districts was
154,884 hectares). My aim was to explore broad biogeographic gradients in human modification,
biodiversity, soils, topography, and climate among ranger districts. However, finer-scaled gradients
of these factors could reveal important patterns and insights. Second, geographic patterns reflecting
relationships between people and nature (i.e., social-ecological systems) are almost certainly more
complex than what I investigated. Research using other data, including individual variables used to
create composite scores of human modifications could yield interesting insights into which components
of human modification (e.g., roads, human population density, etc.) are related to which climatic
or topo-edaphic patterns. Third, I worked with the boundaries of ranger districts available through
the USFS geodata clearinghouse. However, these maps represent administrative boundaries that
do not always reflect ownership boundaries. Across all ranger districts, over 93% of administrative
boundaries are also owned and managed by the USFS, but in the eastern US inholdings and land not
yet purchased occur throughout the administrative boundaries. In some cases, private roads or homes
are included in the administrative boundary for the ranger district. To explore the consequences of the
different areas representing USFS lands, I produced the scatterplot between tree richness and human
modification for ownership boundaries of ranger districts (from the protected areas database of the
Conservation Biology Institute [27]), and found patterns matched those presented in Figure 2. Finally, I
used relatively coarse estimates of tree richness based on maps of overlapping distributions of species.
However, plot-level data (e.g., from the Forest Inventory and Analysis (FIA) program) could be used
to estimate local to regional gradients in diversity, and whether patterns change depending on the
scale that tree diversity is sampled [2,51].

5. Conclusions

I explored broad patterns of tree richness, human modification, climate, topography, soils, and
conservation protection to try and uncover potential properties explaining why the most species
diverse USFS ranger districts are most impacted by humans. Climate and other geophysical factors
seem to simultaneously govern both tree richness and intensity of the degree of human modification.
Understanding these kinds of geographic patterns in the biogeography of ecosystems and land use
may provide important perspectives into the nature of social-ecological systems and insights into
conservation of species-rich and relatively wild, unmodified places. The threats to biodiversity caused
by intensive human modification in species-rich areas should form the basis of future global- and
local-scale research. Areas rich with species that are relatively free of human modification, which I
have found to be uncommon in the contiguous US, may be regarded as high priorities for additional
conservation protections [18].
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Abstract: Understanding the complex diversity of species and their potential uses in traditional
agroforestry systems is crucial for enhancing the productivity of tropical systems and ensuring
the sustainability of the natural resource base. The aim of this study is the evaluation of the
role of home gardens and parklands, which are prominent tropical agroforestry systems, in the
conservation and management of biodiversity. Our study quantified and compared the diversity of
woody and herbaceous perennial species and their uses in traditional home gardens and parkland
agroforestry systems under a sub-humid climate in western Ethiopia. A sociological survey of
130 household respondents revealed 14 different uses of the species, mostly for shade, fuelwood,
food, and as traditional medicine. Vegetation inventory showed that the Fisher’s « diversity index
and species richness were significantly higher in home gardens (Fisher’s o = 5.28 4 0.35) than in
parklands (Fisher’s oc = 1.62 & 0.18). Both systems were significantly different in species composition
(Serenson’s similarity coefficient = 35%). The differences occurred primarily because of the high
intensity of management and the cultivation of exotic tree species in the home gardens, whereas
parklands harbored mostly native flora owing to the deliberate retention and assisted regeneration
by farmers. In home gardens, Mangifera indica L. was the most important woody species, followed
by Cordia africana Lam. and Coffea arabica L. On the other hand, Syzygium guineense Wall. was the
most important species in parklands, followed by C. africana and M. indica. The species diversity of
agroforestry practices must be further augmented with both indigenous and useful, non-invasive
exotic woody and herbaceous species, particularly in parklands that showed lower than expected
species diversity compared to home-gardens.

Keywords: herbaceous perennial species; household respondents; questionnaire survey; species
richness; woody species

1. Introduction

Tropical forests are vital hosts of global biodiversity as they support approximately two-thirds of
all known species and contain 65% of the world’s endangered species [1]. The removal or destruction
of forest cover resulted in significant losses of tropical and global biodiversity, owing to the destruction
of forest-based habitats and species [2]. Tree cover continuously decreased in the tropics for the past
17 years [3]. Deforestation is primarily a concern for developing countries in the tropics [4,5], where
significant agricultural demand for land is often coupled with a lack of economic incentives for forest
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conservation [6]. For example, in Ethiopia, the rapid expansion of agricultural land and the degradation
of forests are associated with rapid human population growth (2.5% per year), with the population
largely depending on extensive agriculture. Ethiopian animal husbandry, in particular, is characterized
by the largest number of livestock in Africa, and increasingly claims land and forest resources [7].
The reduction in forest cover and loss of biodiversity, particularly through deforestation, could activate
abrupt, irreversible, and harmful changes, including regional climate change, degradation of rainforests
to savannas, emergence of new pathogens [1], extinction of native flora and fauna species, and the
displacement of indigenous people [8,9].

Agroforestry practices might be able to reconcile the needs for food production and biodiversity
conservation via the integration of trees, shrubs, crops, or animals in the same system [10,11] by the
provision of habitats for edge species [12], conservation of remnant native species and their gene
pools [11,13], provision of corridors and stepping stones for persistence and movement of flora and
fauna species by linking fragmented habitats [10,12], erosion control and water recharge, and buffering
the logging pressure on the surrounding natural forest. Generally, from the viewpoint of recurrent
food shortages, projected climate change, and increasing prices of fossil fuels, agroforestry is attracting
increasing interest from the research and development communities as a cost-effective way to enhance
food security, while simultaneously contributing to climate change adaptation and mitigation [14].
In Ethiopia, agroforestry was credited as a sustainable farming practice that uses and conserves
biodiversity and limits agricultural expansion into natural forests [15]. However, this circa situm
(farm-based) conservation of biodiversity was only recently advocated by the Convention on Biological
Diversity [10,16,17].

The tropical agroforestry systems including those in Ethiopia are indicative of the complex,
multi-layer structure of the natural forest with a rich plant diversity [18] and are shaped by deliberate
planting or retention, and assisted regeneration of useful woody species [18,19]. These traditional
agroforestry systems represent a valuable source of genetic resources, in addition to the natural and
planted forests [20]. Among the tropical agroforestry systems, home gardens in particular exhibit
high species diversity and structural complexity [21-23], and are recognized as being essential for
the conservation and sustainable management of tropical forest landscapes [24,25]. Parklands are
another prominent type of tropical agroforestry, covering relatively large areas of scattered trees and
shrubs on cultivated or recently fallowed cropping fields. These many indigenous species of trees are
deliberately preserved, and their regeneration is assisted in the agricultural environment because of
their specific use [26].

Some characteristic examples of this practice in Ethiopia include Cordia africana Lam. intercropping
with maize, and Faidherbia albida-based agroforestry [26]. The parkland agroforestry systems have
significant socio-economic and environmental values [27]. For instance, N»-fixing woody species in
parklands improve soil fertility, enhance crop productivity, and increase soil moisture to facilitate
microbial activity such as that of arbuscular mycorrhiza [28]. Home gardens and parklands can also
serve as sinks of atmospheric CO, [28,29]. Direct benefits from agroforestry systems are in the form of
food, medicine, cooking oil, firewood, shelter, tools, and forage [30,31] for domestic use and income
generation [32]. The generally rich diversity in structure and composition of tropical agroforestry
systems is, however, influenced by climate, elevation, soil moisture, and nutrient availability [33],
and farm characteristics such as farm size, cropping pattern, and management [18,34]. Home gardens
are reported as having more species than parklands or other agroforestry systems; however, different
farming practices influence the potential of agroforestry to accommodate woody plant diversity and
uses [35]. Moreover, evidence exists [32,33,36] that the high demand for arable land and unsustainable
cropping practices induced degradation of the soil and tree components of agroforestry parklands,
particularly in the semi-arid areas of Africa. This increasing anthropogenic pressure requires evaluation
of the current status of agroforestry systems and development of adaptive measures such as the
domestication of soil-improving tree species [37].
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Study of the biological structure of agroforestry systems as indicated by the number and
abundance of species provides insights into the relative importance of different plant species, and helps
identify important elements of plant diversity, such as threatened and economically important species,
to increase their abundance and productivity [38,39] Biodiversity measures (i.e., species diversity and
species richness) are widely used as indicators of ecosystem health and human influence on ecological
systems [38,40], and are factored in the monitoring of the status of agroforests and in successful
conservation management [41-48]. However, vegetation inventories that document biodiversity status
are often precluded in tropical developing countries where resources are lacking for extensive field
surveys [40].

One of the common approaches for documenting the importance of agroforestry practices for rural
livelihoods in developing countries is via study of the indigenous or local knowledge [49]. The current
research challenge is to develop user-inspired and user-oriented management approaches [50,51]
such as community-based natural resource management, transition management, sustainability,
and sustainability education [50]. Acknowledging that success in development is more likely when
local knowledge is considered [49,52], there is a need to document the importance of indigenous
knowledge for sustainable development of agroforestry [53].

By integrating both local knowledge and ecological assessment, the present study aimed to
evaluate the role of home gardens and parklands, the two most prominent tropical agroforestry
systems, in the conservation and management of native vegetation in Ethiopia, which covers
several agro-climatic zones and is an important spot of tropical biodiversity, yet experiences serious
deforestation and land degradation problems. The specific objectives included (i) determining and
comparing floristic composition in the agroforestry systems and their diversity and species richness
via a field survey in western Ethiopia, and (ii) evaluating the uses, values, and management of woody
and herbaceous species by the local population. We hypothesized that home gardens would have
higher diversity and, thus, play a greater role in biodiversity conservation than parklands due to the
higher intensity of management and use values of home-garden plant species compared to parkland
plant species.

2. Materials and Methods

2.1. The Study Area

The present study was carried out in six villages of the Assosa district in western Ethiopia
(Figure 1). The area is known for its widespread home-garden and parkland agroforestry practices
and rich indigenous knowledge on traditional plant uses [54]. Assosa is one of 21 districts in the
Benishangul Gumuz National Regional State of western Ethiopia. The history of Assosa district is
marked by significant human settlement authorized by the ex-government of Ethiopia during the
major droughts in the 1970s.

The district covers an area of 1991.41 km? [54] and is characterized by an elevational range of
1300 to 1470 m above sea level (a.s.l.) and a sub-humid climate with mean minimum and maximum
temperatures of 14.4 and 28.5 °C, respectively [55]. The Assosa study area has a mono-modal rainfall
pattern from the end of April through October [54]. The average annual rainfall is approximately
1291.2 mm [55].

The dominant soil types are dystric nitisols and orthic acrisols [54,56] with well-drained,
reddish-brown clay loam acidic soils [55]. According to Reference [55], the soils in the study area are
characterized by very low organic carbon and nitrogen contents, indicative of a low fertility status.
The low nutrient status of the soils is constrained by the limited use of both organic and inorganic
fertilizers and the loss of nutrients mainly through leaching [55].

Subsistence agriculture is the major economic activity, engaging approximately 80% of the
population [55,56]. Major agricultural crops include millet, sorghum, maize, sesame, cotton, soy bean,
coffee, and mango. These are produced by rain-fed and, to some extent, irrigated agriculture.
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Recurrent crop failures are reported, caused by erratic rainfall in the area, which negatively affect food
security [56].
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Figure 1. Location of Assosa district in western Ethiopia.

2.2. Household Survey

Based on the presence of agroforestry practices, six out of 74 villages were purposefully selected in
the Assosa district. The villages were located between 6 and 21 km away from the Assosa central town.
A list of all residents in each village in the Assosa district was collected from the records of the village
administration (kebele) and development agents. Household respondents (HHs) were chosen using
a stratified random sampling approach by adapting the wealth ranking technique of Reference [57],
which categorizes farmers in three wealth categories, i.e., poor, moderately endowed, and rich. For
each category, a simple random sampling (draw method) was employed to select 8% of the HHs in
each village, giving a total of 130 HHs. Of these, 26% were poor, 38% were moderately endowed,
and 36% were rich. The HHs were categorized into the three wealth categories by the key informants
(KIs), who were farmers and had lived in Assosa for at least 35 years. The KIs were knowledgeable
about local situations such as environmental and livelihood changes and local resource management.
The information concerning indigenous knowledge on tree species and their uses, tree management
practices, and associated constraints was gathered via questionnaire-based interviews with the HHs
from 1 February to 15 March 2012.

Each HH had 1-9 family members aged 20-87 years (Table 1). The HHs were engaged in
agricultural practices on private, small-land holdings. The 38 female HH heads were widowed
or divorced women, relying either on hired labor or who engaged their young children in after-school
work on their farmlands. The average land area owned by a farmer was 1.2 & 0.1 ha and the
proportion of land area allocated to parklands (43%) was greater than that allocated to home gardens
(15%) (Table 2).
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Table 1. Socio-economic characteristics of the 130 household heads interviewed in Assosa district,
western Ethiopia.

Socio-Economic Characteristics Number (%) of Respondents

5 Male 92 (70.8)

ex Female 38(29.2)

20-35 17 (13.1)

36-50 81 (62.3)

Age 51-65 28 (21.5)
65-87 4(3.1)

) Literate 76 (58.5)

Literacy status Tliterate 54 (41.5)

Married 92 (70.8)
Marital Not married 3(2.3)

arital status Widowed 27(20.7)
Divorced 8(6.2)

Poor 34 (26.2)

Wealth category Moderately 49 (37.7)

endowed

Rich 47 (36.1)

1-3 people 29 (22.3)

Family size 4-7 people 85 (65.4)

8-10 people 16 (12.3)

Table 2. Share of total land area allocated to home gardens, parklands and other land uses per farmer
in Assosa district, western Ethiopia.

Average Total Percentage of Land Percentage of Percentage of Land
Village Land Area per Allocated to Home Land Allocated to Allocated to Other
Farmer (ha) Gardens (%) Parklands (%) Land Uses (%)

Amba8 0.6 +0.04 14 37 49
Megele37 0.9 +0.09 18 45 37
Megele39 0.9 +0.09 17 50 33
Amba7 0.8 +0.03 11 43 46
Nebarkomshga 3.7+ 042 21 51 28
Ambal3 1.0+ 0.03 15 36 49
Total average 1.2+ 0.09 15 43 42

Note: Other land uses include miscellaneous lands owned by household respondents (HHs) allocated to pasture,
cropland with no trees, and shrubs. The sample size was 130 households.

2.3. Vegetation Survey

To obtain an inventory of the woody and herbaceous perennial species, 54 HHs (and, thus,
54 home-garden plots and 54 parkland plots) were selected out of the 130 surveyed HHs, i.e., three HHs
from each wealth category, totaling nine HHs per village (six villages in total) and a pair (i.e., managed
by the same HH) of home gardens and parklands per HH. We ensured that both land-use types were
managed by the same HH to control for variations in management practices within HHs. Moreover,
given that the study was carried out in a relatively small area where the site conditions (i.e., climate,
topography, altitude) remain relatively homogenous, as described in Section 2.1, we assumed that
variations in site conditions have less influence on the vegetation composition compared to differences
in land management practices.

The study of the composition of woody and herbaceous species was done in the home gardens
and parklands of the selected HHs. In the parklands, 50 m x 50 m quadrants were established as
sampling plots because the minimum size of a farmland owned by a local farmer was 2500 m? (based
on Kl interviews cross-checked with personal observations). In contrast, the sampling in home gardens
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was performed using 30 m x 30 m quadrants defined by the KIs as the minimum size (~1000 m?) of a
home garden per farmer in the area [35].

Local names of plant species in each sampling plot were identified with the help of members of
the local communities participating in the survey. Consequently, the plant species nomenclature was
defined following References [58,59]. The species that could not be identified in the field were sampled
(mainly for foliage), pressed flat to dry, and transported for identification to the Herbarium Laboratory
of Addis Ababa University, Ethiopia.

The total number of woody and herbaceous perennial plants in the sampling quadrants was
counted and recorded to determine the relative abundance of each species. The stem diameter at breast
height (dbh) of all woody and herbaceous perennial (Musa x paradisiaca L., Oxytenanthera abyssinica
(A. Rich.) Munro, and Carica papaya L.) plants with dbh > 5 cm was measured in each sampling plot.
When branching occurred below 1.3 m of the plant height, the dbh of all branches was measured and
the average value was calculated. The dbh value was also used to calculate the basal area of plants
with dbh > 5 cm as follows:

(dbh)?

BA =
z

)

where BA is the basal area (cm?).

Species dominance was calculated as the ratio of the total BA of the plants of each species to the
total sampled area. The relative abundance (ra), relative dominance (rd), and relative frequency (rf)
were calculated as follows:

__ Number of individuals of species

" = "Total number of individuals 100%, (2)
Dominance of a species
= 100%
Total dominance of all species x 100%, 3)
F f ies 1
requency of species < 100%. “

~ Total frequency of all species

Therefore, the importance value index (IVI) indicating the importance of each species in the
system was calculated as follows:
IVI = ra +rd +rf. 5)

2.4. Species Diversity and Richness

To characterize the species diversity and richness in the studied agroforestry systems, we used
Fisher’s oc index and the species—area relationship (SAR). These indicators were chosen because they
are less sensitive to sample size. Fisher’s o index is a parametric diversity index, which assumes
that species abundance follows a logarithmic distribution [60]. It is a scale-independent indicator of
diversity and was computed as follows:

S:u*ln(l—&-g), ®)

where S is the number of taxa, n is the number of individuals, and « is Fisher’s o.

The species—area relationship (SAR) is concerned with the number of species in areas of different
size, irrespective of the identity of species within the areas [61]. The power function (Equation (7)) is
the most commonly used model to describe the form of the species—area curve [62,63].

S = SpA?, @)

where S’ is the number of species, A is the area, Sy is the number of species in a unit area (A = 1), and z
is a model parameter (0 <z <1).
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Furthermore, the Serensen similarity coefficient was chosen to compare the similarity in the
species composition of home gardens and parklands because it gives more weight to the species that
are common in the samples rather than to those that only occur in either sample [64]. The Serensen
similarity index (Ss) was calculated as follows:

2a
Ss = <m> x 100, (8)

where 7 is the number of species common to both samples, b is the number of species in sample 1,
and c is the number of species in sample 2.

2.5. Statistical Analysis

Fisher’s o index was compared among the six villages and between the two agroforestry practices.
The data distribution could not be normalized by transformations. Therefore, the non-parametric
Kruskal-Wallis test was used to check the significance of the differences. The species-area curves
were plotted for each land-use type separately, and the SARs were fitted with the power function
(Equation (7)). The analyses were performed using Microsoft Excel 2010, SPSS software (v. 24) and R
version 3.4.3 [65].

3. Results and Discussion

3.1. Floristic Composition of Home Gardens and Parklands

During the HH survey, four agroforestry practices were identified. The dominant practices
were home gardens and parklands, and the less common practices were alley cropping and on-farm
boundary planting. The home-garden agroforestry was practiced by all HHs (n = 130) and the
parklands by only 30 HHs (23% of the total sampled HHs). Alley cropping and on-farm boundary
planting were practiced by 10% and 7% of HHs, respectively. All practices were previously reported as
representative, particularly in southern Ethiopia [66], as well as in many other tropical regions [19].
In particular, home gardens were stated as being the most common among the smallholder agroforestry
practices in the Ethiopian highlands, hosting higher woody species diversity than the nearby natural
woodlands or forest lands [54,67].

The Assosa vegetation survey identified 57 woody and herbaceous perennial species (the latter
being C. papaya, M. x paradisiaca, and O. abyssinica), with 56 of the species present in home gardens
and 22 in parklands. The identified species belonged to 27 plant families. The most dominant family
Fabaceae was represented by 11 woody species (19.3% of the total number of species recorded) and
was followed by families Euphorbiaceae, Rutaceae, and Myrtaceae, represented by 4-6 species and
constituting 10.5%, 8.8%, and 7%, respectively (Table 3).

Overall, 35 species were only found in home gardens but not in parkland agroforestry systems of
the sampled HHs. One tree species, Allophylus abyssinicus (Hochst.) was found only in the parklands.
A total of 21 species occurred in both agroforestry systems (Table A3, Appendix A). Overall, species
composition significantly differed between the systems as judged by the relatively low Serensen
similarity coefficient (35%). Most of the woody species retained by farmers in parklands and home
gardens were remnants of the natural vegetation, which covered the area before the settlements
appeared in the 1970s and the Ethiopian natural disaster (famine) times. Afterward, planting of both
native and exotic species occurred, mostly in home gardens and in some parklands. Planted timber
tree species included Albezia gummifera (J.F. Gmel.) C.A. Sm., Melia azedarach L., Cordia africana Lam.,
Grevillea robusta A. Cunn. ex R.Br., and Eucalyptus camaldulensis Dehnh. For fruit trees, Citrus aurantifolia
(Christm.) Swingle, Citrus sinensis (L.), and Mangifera indica L. were identified. Several species such
as Catha edulis (Vahl) Endl., Rhamnus prinoides L'Hér., Coffea arabica L., and O. abyssinica were planted
as perennial cash crops. These findings (Tables Al and A2, Appendix A) corroborate with previous
studies in the upper Blue Nile Basin and western Ethiopia, which reported the common presence
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of tree species Croton macrostachys Hochst. ex Delile, Acacia abyssinica Benth, and C. africana Lam.
managed by farmers on their agricultural lands [26].

Table 3. Woody and herbaceous perennial species and corresponding families identified in home
gardens and parkland agroforestry systems in Assosa district, western Ethiopia.

No. Family Number of Species Percentage Number of Individuals
1 Fabaceae 11 19.3 113
2 Euphorbiaceae 6 10.5 72
3 Rutaceae 5 8.8 90
4 Myrtaceae 4 7.0 236
5 Bignoniaceae 3 53 33
6 Anacardiaceae 2 3.5 240
7 Celastraceae 2 35 163
8 Sapindaceae 2 3.5 5
9 Moraceae 2 3.5 23
10 Proteaceae 2 3.5 19
11 Combretaceae 2 3.5 54
12 Acanthaceae 1 1.8 55
13 Annonaceae 1 1.8 1
14 Boraginaceae 1 1.8 172
15 Burseraceae 1 1.8 1
16 Caricaceae 1 1.8 38
17 Casuarinaceae 1 1.8 14
18 Cupressaceae 1 1.8 3
19 Lauraceae 1 1.8 8

20 Meliaceae 1 1.8 31
21 Musaceae 1 1.8 107
22 Poaceae 1 1.8 170
23 Rhamnaceae 1 1.8 131
24 Rosaceae 1 1.8 2
25 Rubiaceae 1 1.8 188
26 Sterculiaceae 1 1.8 13
27 Tiliaceae 1 1.8 1
Total 57 100

Based on the IVI ranking, M. indica was the most important woody species in home gardens,
followed by C. africana and C. arabica (Tables 4 and Al, Appendix A), whereas, in parkland
agroforestry systems, Syzygium guineense (Willd.) DC., M. indica, C. africana, Terminalia brownii Fresen.,
and O. abyssinica were the top five most important species (Tables 5 and A2, Appendix A).

Table 4. Importance value index (IVI) ranking of the top 10 woody and herbaceous perennial species
in home gardens of Assosa district, western Ethiopia.

Name of the Species IVI
Mangifera indica 65
Cordia africana 30
Coffea arabica 21
Catha edulis 16
Eucalyptus camaldulensis 15
Oxytenanthera abyssinica 14
Musa x paradisiacal 12
Rhamnus prinoides 12
Syzygium guineense 10
Citrus sinensis 10
