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Abstract

Ecological communities play an integral role in
determining ecosystem functions. However, com-
munity-level patterns and processes are complex
because they are typically comprised of many inter-
acting components. Therefore, pair-wise reduction-
ist investigations of interactions among species are
unlikely to reveal the dynamics of the whole com-
munity. Here, we present results from a study of the
interactions among members of a lichen community
associated with different genotypes of a foundation
tree species, Populus angustifolia. Three key findings
emerge. First, null-model based analysis of species
co-occurrence patterns suggest that interactions are
likely contributing to lichen community structure.
Second, the pattern of co-occurrences and pair-wise
correlations of lichen species suggest that interactions
among lichens are primarily facilitative. Third, the
significance and magnitude of co-occurrence patterns
vary among genotypes of P. angustifolia suggesting
that the strength of facilitative interactions among
lichens is tree genotype dependent. In combination,
direct and indirect plant genetic effects on the inter-
actions of lichens appear to play an important role
in defining the lichen community. We believe that a
community genetics approach focused on foundation
species will allow researchers to better understand the
selection pressures that shape communities and that
many unexpected outcomes will emerge. From this
perspective we discuss future research directions that
employ greater analytical power to further quantify
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the complex network of species interactions within
communities.

INTRODUCTION

Ecosystems are changing rapidly in response to an-
thropogenic pressures, such as climate change (Davis
and Shaw 2001) and non-native species invasions
(Vitousek et al. 1996). It is imperative to the future
well-being of society that ecosystem functions are
maintained in the face of mounting ecosystem state-
changing forces. Thus, ecologists are charged with
the task of understanding the factors that control the
stability and resilience of ecosystem functions. In
this regard, it is important that we understand interac-
tions among organisms in communities because they
contribute both directly and indirectly to ecosystem
services (Naeem et al. 1994).

Mechanistic studies of the linkage between commu-
nity structure and ecosystem function are difficult be-
cause of the great complexity of interactions among
a myriad of factors (Schmitz and Booth, 1997). One
major advance in studying the dynamics of ecosys-
tems has been the direction of studies toward a focus
on foundation species (i.e., species that have large
ecosystem-wide effects). The foundation species
concept introduced by Dayton (1972), encapsulates
the concepts of dominant species, keystone species
and ecosystem engineers. As such, these species have
been shown to direct the dynamics of ecosystems (EI-
lison et al. 2005a). For example, the loss of founda-
tion species, Eastern Hemolock (Tsuga canadensis),
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from an invasion by an exotic aphid-like pest (Adel-
ges tsugae) in Eastern North America has caused
rapid shifts in plant and ant community composition
(Ellison et al. 2005b). This suggests that understand-
ing how a foundation species is likely to respond to
environmental perturbations, such as exotic species
invasions or climate change, will provide important
insights about the dynamics of the ecosystem as a
whole.

The foundation species perspective has enabled the
growth of the field of community genetics, which is
defined as the study of the genetic interactions that
occur between species and their abiotic environment
in complex communities (Whitham et al. 2006).
From an evolutionary perspective, community genet-
ics can be viewed as the study and quantification of
the interspecific sources of natural selection. As one
species changes evolutionarily other species that in-
teract with it will likely change as well. This has been
documented in pair-wise and multi-species studies
(see Ehrlich and Raven 1964, Whitham et al. 2003,
Johnson and Agrawal 2005). Studying the community
genetics of foundation species makes it possible to
begin to quantify the evolutionary forces in commu-
nities, including complex interactions among species
(see Whitham et al. 2006).

Our view beyond the effects of a foundation spe-
cies is still limited if we do not begin to incorporate
greater details about the effects of the self-organizing
process of interactions among the associated com-

munity members and their subsequent feedbacks.
Evidence suggests that interactions among commu-
nity members are likely to play an important role in
determining community structure. The structure of
relationships among species has been shown to be
an important property of communities (Dunne et al.
2002, Bascopmte et al. 2006). In addition the pres-
ence of feedbacks (Bever 2002) and indirect effects
(Ohgushi et al. 2007) have also been shown to play
an important role. For example, Johnson et al. (2010)
found that the source of arbuscular mycorrhizal com-
munities had an effect on the reproductive output
of different ecotypes of a foundation grass species.
If interactions among community members associ-
ated with a foundation species are weak, then solely
focusing on the dynamics of the foundation species
can provide robust predictions of ecosystem dynam-
ics. However, if these community interactions are
strong or non-linear (e.g., thresholds), then inferences
that do not include them will be unlikely to predict
ecosystem dynamics. To illustrate this point, consider
two hypothetical interaction network structures (Fig.
1): one in which the community is linked together
only through the foundation species (A) and another
where the foundation species is still central to the
community but the associated species interact with
each other to form a complicated web (B). In com-
munity A, a change in the foundation species can po-
tentially affect all species in the community, but the
effect will be direct as long as feedback effects are

Fig. 1. Two network graphs of how foundation species influence associated organisms and how associated or-
ganisms can influence each other to influence community structure. Vertices (dots) and edges (arrows)
represent species and interactions, respectively. The direction of the arrowhead indicates the direction of
the interaction. In each case the foundation species is the central vertex with associated species radiating
around it. Graph (A) shows a situation where there is a unilateral effect of the foundation species on the
associated community (i.e., all interactions are direct via the foundation species). (B) shows a more com-
plicated interaction network with the same richness in which some species do not interact directly with
the foundation species and some species affect the foundation species to influence other species (e.g., in-

terspecific indirect genetic effects).
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small. However, in community B, the change in the
foundation species will ripple though the community
and could be amplified by interactions among other
species creating a community-wide effect that would
be much harder to predict. Unfortunately, experimen-
tal manipulation of communities to tease apart multi-
species interactions are typically intractable. Field-
based observational data, however, is often easier to
obtain and may provide more reliable information
about species relationships, which we utilize here.

We present the results of analyses of communities
of epiphytic lichens associated with a foundation
tree species, Populus angustifolia. This cottonwood
species is a dominate tree of riparian habitat found
throughout the interior mountains of western North
America, including parts of the U. S., southern Can-
ada and northern Mexico (Eckenwalder 1984). Pre-
vious studies have demonstrated that tree genotype
plays a major role in defining the canopy arthropod
community, soil microbial community, trophic inter-
actions and even nutrient cycling (Shuster et al. 2006,
Bailey et al. 2006, Schweitzer et al. 2008, Whitham
et al. 2006). Although these communities are either
known or suspected to strongly interact with the tree,
other community members such as epiphytic lichens
were not thought to be sensitive to sub-specific varia-
tion in tree traits and, thus, not be influenced by the
effects of tree genotype. However, recent observa-
tions suggest that lichen communities do differ in
composition among P. angustifolia genotypes (L. J.
Lamit et al. unpublished). We use this lichen com-
munity dataset to explore how a community genetics
approach combined with co-occurrence analyses can
reveal novel interactions and unexpected community
structure. Two major questions were addressed. First,
is there evidence that interactions among species as-
sociated with a foundation tree species contribute to
community structure? Second, do these interaction
effects vary with foundation tree species genetics?
In light of the results of these analyses we discuss
potential research and modeling methods that could
help elucidate community-level patterns of species
interactions and their implications for community ge-
netics.

MATERIALS AND METHODS

We quantified the lichen community on the lower
trunks of individual Populus angustifolia trees of
known genotype planted in a common garden in
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Ogden, Utah, USA. The common garden was initi-
ated in 1991 using cuttings taken from trees growing
along the nearby Weber River. Tree genotypes were
planted in a fully randomized design to minimize
environmental influences. We sampled 16 genotypes
with 3 to 8 replicates each for a total of 70 trees. In
July 2008, we obtained the percent cover of each
lichen species in 10 cm? quadrats centered at 15 cm,
50 cm and 85 cm from the ground on both the north
and south side of the main trunk of each tree (total
sampling area = 60 cm? per tree). A total of 5 lichen
species were observed: Xanthomendoza galericulata,
Physciella melanchra, Candelariella deflexa, Calop-
laca holocarpa and Rinodina turfacea.

Grouping lichen community observations on each
tree by genotype, we estimated the net effects of
interactions among lichen species on each genotype
using null model based co-occurrence analyses con-
ducted in EcoSim (Gotelli and Entsminger 2005).
Originally developed as a means to test hypotheses
of assembly rules, co-occurrence analysis has devel-
oped into a statistical means to estimate the potential
effects of interactions among species (Gotelli and
Graves 1996). In essence, a co-occurrence statistic
from the observed data is compared to the distribu-
tion of the same statistic calculated for a large set of
communities that are not structured by interactions
but simulated by permutation of the original data. By
observing the co-occurrences in the common garden
on randomly distributed replicates of each tree geno-
type, we can assume that any factors influencing the
co-occurrence patterns other than interactions among
species will introduce only random variation.

Although we explored several metrics and permuta-
tion algorithms here we present the results using the
C-Score, which measures the average co-occurrence
among all species pairs, developed by Stone and Rob-
erts (1990) as our metric and a fixed-equiprobable
permutation algorithm in which the species totals re-
main constant (fixed) for each simulation but the total
number of occurrences in an observation can vary
(equiprobable). This combination has performed well
with respect to Type I and Type II errors in simulation
tests (Gotelli 2000). We follow that standard method
of using a Standardized Effect Size (SES) to compare
our observed to simulated (i.e., random) communi-
ties. The SES is calculated as the observed C-Score
minus the mean of the simulated C-Scores divided by
the variance of the simulated data.
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To explore the relationship among pairs of lichen
species we examined the pair-wise correlations. As
with the co-occurrence analyses above, observations
were grouped by the genotype of P. angustifolia. Us-
ing Pearson’s correlation coefficient (r) we calculated
and then averaged all unique pair-wise correlations
within each genotype. The regression lines used in
the correlation plot are the product of a linear regres-
sion model for each species pair that was observed
for P. angustifolia genotype RL6. The bivariate plots
for the pair-wise correlations and network diagrams
were generated using the statistical programming
language R (R Development Core Team 2009, Butts
2009).

RESULTS

The lichen communities we examined showed
evidence of variation in the degree of species inter-
actions among tree genotypes. In the co-occurrence
analysis the SES values for several of the P. angusti-
folia genotypes were significantly different from zero
with values less than -2 (Fig. 2). In other words, the
average co-occurrence patterns for these lichen com-
munities were at least 2 standard deviations less than
the simulated mean from the null model randomiza-
tions. Note that SES values less than zero are indica-
tive of species co-occurring together more often than
would be expected under the null-model (i.e., random
species associations). In addition, the SES magnitude
and statistical significance varied among genotypes
with the largest being over 3X the smallest SES val-
ue.

Patterns of pair-wise correlations among lichen spe-
cies were primarily positive. The mean correlations
for the genotypes that had significant co-occurrence
results were all greater than zero (subscripts indicate
genotype): 1, = 0.23,1r,,=0.47, 1, =094 and r
= 0.81. A bivariate plot of the lichen species on tree
genotype RL6 shows that all species pairs exhibited
positive relationships (Fig. 3).

DISCUSSION

Genetic-based interactions affect community
structure - Addressing our two main questions, there
is evidence that interactions among lichen species
contribute to community structure and that this effect
varies among genotypes of P. angustifolia. Our evi-
dence is based on the application of null-model based
co-occurrence analyses that examine how the genet-
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ics of a foundation tree species influences the net
effects of interactions among associated species. The
co-occurrence analysis showed not only significant
co-occurrence patterns, but also variation in the co-
occurrence patterns among genotypes. Although the
co-occurrence analysis method has been used previ-
ously to study the variation in co-occurrence patterns
of insect guilds associated with the foundation tree
species, Tsuga canadensis, (Dilling et al. 2007), it has
not been used previously to examine the genetic ef-
fects of a foundation species on interactions.

Over the spatial scale of this study, non-random
co-occurrence patterns can arise from the common
influence of an environmental gradient or interactions
among species. However, because the communities
were observed in a common garden, environmental
effects other than the influence of the variation in
tree genetics primarily introduce random variation
in species co-occurrence patterns. It is possible that
other organisms, cryptic lichen species or non-lichen
species (e.g., fungus mites) that were not included in
these analysis, may influence the lichen community,
and further observation of a broader portion of the
community and natural history studies will provide
more detailed information on the ultimate cause of
these patterns.

A genetic component to facilitative interactions -
In addition, the SES values from the co-occurrence
analysis and correlations among species suggest that
the interactions were primarily facilitative. All of the
SES values were less than or equal to zero. Negative
SES values arise when species tend to co-occur more
often than is predicted by the null-model. Therefore,
the negative SES values indicate that species tended
to cluster together on average. This pattern is corrob-
orated by the positive average correlation values and
the pair-wise correlations within the P. angustifolia
genotype RL6.

Thus, these results suggest that interactions within
the community of lichens contribute significantly to
community structure, primarily through facilitative
relationships, but this depends on the genetic effects
of the tree on which they were growing. Our results
are in line with the findings of previous studies of the
lichen community in this system which demonstrated
that X. galericulata and the community as a whole
exhibits heritable variation among P. angustifolia
genotypes (L. J. Lamit et al. in review and unpub-
lished).



Using Community Genetics and Statistics to Address Biological Complexity

3_
B P>0.10
O P<0.10

2 O P<005
2 14
A 1
2
Q
B 0
8 o4 — o
D l.
= -1 7 III
L
N
£
< 2
=1
]
%]

-3 -

4 -

< 2 8 9 =2 85 2 38 5% S 88 8%
E 2 & S = & 8 8 2 & g & ®

Fig. 2. Plot showing the variation of the Standardized Effect Sizes (SES) for the epiphytic lichen communities
on replicated genotypes of Populus angustifolia growing in a common garden. Negative SES values are
indicative of species being positively associated (i.e., aggregating) beyond what would be expected by
chance alone. Bar colors indicate significance levels for the SES of each genotype.

00 05 10 15 20 25 0.000 0.004 0.008
L 1 | L L | L L L I ! |

. . o |

50

Xanthomendoza galericulata

T T T T T
30

0 10

00 05 10 15 20 25

0.80 Physciella melanchra
L3 - =
F &
085 1.00 Candelariella deflexa L o«
o e Fe
. =
£4
S
098 0.67 0.74 Caloplaca holocarpa

0.004
L

0,000
L
O

08

0.66 098 0.96 051 Rinodina turfucea

04

00

T T T T T T L T T T T T T T
0 10 20 30 40 50 60 0 5 10 15 20 25 30 00 02 04 06 08 10 12

Fig. 3. Bi-variate plots for pair-wise species combinations of epiphytic lichen species present on Populus an-
gustifolia genotype RL6 in the common garden. Each species is listed on the diagonal. The upper panels
show the bi-variate plots with least squares regression lines. The lower panels have the Pearson’s correla-
tion value for each correlation.

23



Lau et al.

Understanding ecological systems in the face of
the complexity of numerous interacting species is a
long standing problem in ecology (Darwin 1859).
Traditionally, studies of biodiversity have primarily
focused on the number and proportion of species in
ecosystems (Bascompte, 2009); however understand-
ing the web of interactions among species is impor-
tant for predicting community dynamics. For ex-
ample, in a study of the interaction between the tree,
Juniperus monosperma, and the mistletoe, Phoraden-
dron juniperinum, the introduction of a third species,
a seed dispersing bird, Myadestes townsendi, altered
the net effect of the interaction between the juniper
and the mistletoe from parasitism to mutualism (van
Ommeren and Whitham 2002). Although empiri-
cal studies have demonstrated that genetic variation
within foundation species have strong direct effects
on community structure (e.g., insects, fungi and birds
- Dickson and Whitham 1996, mycorrhizal fungi -
Sthultz et al. 2009), our findings indicate that the ge-
netics of foundation species can have indirect effects
on the structure of associated communities by influ-
encing the interactions among species, which as the
above example demonstrates, may have unexpected
outcomes. Because the interactions among associated
species are in part determined by the genetics of the
foundations species, understanding these genetic ef-
fects on interactions will be important in scaling from
local (i.e., genetics of individuals) to community
and ecosystem-level patterns, which is important for
understanding ecological systems in general (Levin
1992, Brooker et al. 2009).

Focusing on foundation species presents a start-
ing place for studying ecological and evolutionary
interaction networks. We can apply the results of the
present study to make more refined predictions about
the dynamics of the bark lichen communities associ-
ated with cottonwoods. For example, evidence from
empirical and theoretical studies suggest that facilita-
tion is important to community dynamics, diversity
and evolution (Rudgers and Maron 2003, Velland
2008, Bronstein 2009). Specifically, mathematical
modeling indicates that facilitation can lead to greater
community stability depending on local levels of en-
vironmental severity (Butterfield 2009). Thus, those
genotypes that promote facilitation among associated
lichen species will tend to have more stable commu-
nities of lichen and lichen associated species, such as
mites (Acarina), springtails (Collembola), slugs and
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snails (Gastropoda) and endolichenic fungi (see Bro-
do, Sharnoff and Sharnoff 2001, Arnold et al. 2009).

Statistical exploration of interaction networks
- As shown in our lichen community study, statisti-
cal analyses of community abundance datasets can
compliment experimental approaches for exploring
interactions among species and directing further
observations and experiments to develop and test
theory. Null-model based co-occurrence analysis is
not only a useful method to measure and test for the
net effects of species interactions but also has a large
literature base with a long history (Weiher and Keddy
1999). However, one limitation of the application of
co-occurrence analysis to investigate interaction net-
works is that its focus is on the net effects of species
interactions. Thus, other methods are needed to eluci-
date the structure of the interaction network.

Analysis of correlations among species is a simple
means to probe datasets for species interaction infor-
mation, especially when we already have hypotheses
about the interactions (e.g., trophic relationships).
Although correlation analysis is limited by the causal
interpretability of pair-wise correlations, especially
when species relationships are likely to be non-linear,
its results still provide useful information in the face
of difficulties in experimental manipulation of the
many numerous pairs of species not to mention their
higher dimensional interactions (Shipley 2000). A
promising analysis using temporal, rather than spatial
(as is the case with our lichen data), species covari-
ances has recently been developed using reverse
engineering mathematics originally developed for
detecting the structure of gene interaction networks
(Jarrah et al. 2007). This method has been used in
other fields, such as gene expression networks, but
has only recently been applied to ecological interac-
tion networks (Vera-Licona and Laubenbacher 2008).

In an uncertain future of human induced environ-
mental shifts (Breshears et al. 2005) it is important
that environmental scientists have a firm understand-
ing of the structure and dynamics of ecological net-
works (see Cohen 1978, Pascual and Dunne 2006),
especially because network theory is broadly ap-
plicable across many fields (Barabasi 2009). As eco-
systems change, changes in the interactions among
species will affect the stability and functioning of
ecosystems. By resolving the structure of interspecif-
ic interaction networks, we can make more accurate
predictions of ecosystem dynamics, such as predict-
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ing species extinction risks (Allesina and Pascual
2009) and assessing the viability of whole communi-
ties (Ebenman and Jonsson 2005). This will require
the greater use of analytical methods, especially when
experimental research is limited.
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