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ABSTRACT OF THE DISSERTATION
Abiotic and biotic drivers of spatial variation in salt marsh species interactions and
community dynamics
by
Akana Elizabeth Noto
Doctor of Philosophy in Biology
University of California, San Diego, 2016
Professor Jonathan Shurin, Chair

Interactions among members of ecological communities often vary spatially in
response to environmental differences. Yet interactions can also vary spatially as a
result of biotic factors such as differences in species traits or variation in other species
interactions. It is necessary to understand the conditions under which each of these
drivers of variation has an effect in order to predict how species interactions will
be affected both by changes in the environment and in biotic communities. In this
thesis, I explore mechanisms that may cause species interactions to vary across space
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at local, regional and continental scales in salt marsh plant communities. Chapter 1
investigates the relationship between the environment (means and variability) and
community diversity and stability in time-series data from the east and west coasts of
North America. Chapter 2 experimentally investigates the effect of sea-level rise on
species interactions within a marsh. Chapter 3 seeks to understand geographic
variation in plant interactions among six sites spanning the California coast. Chapter 4
uses a common garden experiment to test whether spatial variation in species
interactions are driven by differences among plant populations or the environment.
Finally, Chapter 5 describes geographic patterns of variation in herbivore pressure to
determine whether herbivory drives regional differences in interactions among plants.
I found that changes in mean conditions, including sea level, can affect community
diversity, stability and strength of species interactions. Environmental variability only
affects community stability and diversity when it is relatively large, so increases in
variability with climate change may cause plant community dynamics to become
affected by both variability and means. Species interactions vary geographically along
the west coast, but unlike on the east coast, do not show consistent trends with
latitude. Rather, interaction strengths may differ due to trait variation among plant
populations and differences in herbivore pressure. My thesis demonstrates that
environmental conditions and local factors, including intraspecific phenotypic
variation and herbivory, both determine the nature of species interactions in salt
marshes, and that the west coast of North America shows geographic patterns in
interactions that are distinct from those found on the east coast.
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INTRODUCTION
Salt marshes are communities in which plant interactions and the environment
famously balance to affect species composition and diversity. Interactions between the
environment and species interactions can operate on several spatial scales. Locally,
environmental variation associated with tidal height can produce a range of species
interactions within a marsh. Regional variation in species interactions has also been
seen as changes in the environment affect interactions in a relatively predictable way.
However, these studies have largely been concentrated in a few locations, and
observed trends may not apply to other locations with different species and
environmental conditions. In addition, biotic factors such as population differences or
interactions with other trophic levels that may help explain variation in species
interactions are seldom considered. The goal of my thesis is to understand drivers of
spatial variation in interactions among salt marsh plants at scales ranging from local to
continental.
Drivers of spatial variation in species interactions
Variation in environmental conditions within a salt marsh can shift the balance
between competition and facilitation among plants. Classic studies in New England
salt marshes show that as salinity and soil moisture increase at lower tidal heights,
facilitation becomes stronger and competition becomes a less important structuring
force (Bertness and Hacker 1994). Plants moderate physical stress by creating more
benign micro-environments in their vicinity, for instance, through shading. Similar
patterns have been seen in ecosystems from shallow reefs to deserts (Turner et al.
1966, Hay 1981, Callaway et al. 2002b). This idea forms the basis of the Stress-
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Gradient Hypothesis (SGH) which posits that facilitation becomes more prevalent
under stressful environmental conditions while competition is stronger under benign
conditions (Bertness and Callaway 1994). Inundation and salinity impose substantial
stress on salt marsh plants that is expected to intensify as the atmosphere becomes
warmer and tidal heights increase under climate change.
The SGH can also operate at large geographic scales such that variation in
environmental conditions affects the strength and nature of species interactions among
locations. Indeed, environmental differences among sites can lead to stronger
facilitation in southern New England marshes compared to the north because in the
south, temperatures are warmer and neighbors facilitate each other by reducing
salinity and evaporation through shading (Bertness and Ewanchuk 2002a). Similarly,
differences in precipitation and salinity along a latitudinal gradient in Argentinian
marshes led to changes in species diversity. Diversity was low in low-salinity, highprecipitation sites, presumably because competitive exclusion occurs more frequently
in benign conditions and less often in more stressful environments (Canepuccia et al.
2013). Thus, a general tendency for more favorable conditions to lead to stronger
competition and for environmental stress to favor facilitation has been observed at the
regional level as well as locally.
Geographic patterns of diversity, composition and ecological interactions
provide a window into the future state of ecosystems. As climate changes, we expect
changes in temperature, sea levels, and timing and amount of precipitation (Easterling
et al. 2000, Cayan et al. 2008, IPCC 2014). Rising temperatures may have variable
effects on salt marsh communities. Some communities show resilience to warming
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(Charles and Dukes 2009), while in others, warmer temperatures and facilitation by
local species permit the spread of mangroves into marsh habitat, resulting in dramatic
changes in local species composition (Guo et al. 2013). Sea-level rise (SLR) is also
expected to impact species distributions and diversity (Spalding and Hester 2007,
Sharpe and Baldwin 2012, Woo and Takekawa 2012). Given the role of inundation in
determining the competitive or facilitative nature of species interactions (Bertness and
Hacker 1994), changes in sea levels are likely to affect species interactions,
particularly as species differ in their ability to respond to environmental changes and
disperse across elevations and marshes (Kuhlmann et al. 2012, Tang et al. 2012,
Gillings et al. 2015, Krause et al. 2015). New stresses, such as SLR, will likely affect
species interactions in salt marshes, and understanding how these stresses affect
communities variably over space can be used to predict changes over time.
In addition to interactions among plants, trophic interactions also show patterns
of geographic variation in relation to environmental conditions. On the Atlantic coast
of North America, low-latitude salt marshes have higher herbivore pressure than highlatitude marshes, despite plants being more palatable at high latitudes (Pennings et al.
2001, 2007, Pennings and Silliman 2005). Plant traits related to palatability may be
affected in part by abiotic variables such as potential evapotranspiration, soil type and
length of the growing season (Reich and Oleksyn 2004, Wright et al. 2004). Herbivory
also affects plant palatability, with greater herbivore pressure at low latitudes selecting
against palatable plants as they are more likely to be eaten. This geographic variation
in the effect of herbivores may result from a number of factors, including
physiological adaptation of herbivores to local temperature (Pennings and Silliman
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2005). Thus, geographic variation in species interactions can be caused both directly
and indirectly by differences in abiotic conditions as well as feedbacks driven by
gradients in species’ traits.
Generalizability of current theory
However, the research that has developed these pillars of salt marsh ecology is
based in relatively few locations, largely on the east coast of the US. In different
locations and at larger geographic scales, physical gradients and biogeographic shifts
may play different roles in shaping community interactions. For example, interactions
among salt marsh plants in the Pacific Northwest were found to be largely
competitive, unlike on the east coast, potentially because the cool moist climate in the
Northwest reduces salinity stress (Keammerer and Hacker 2013). Similarly, stressors
in southern California may also be unlike those on the east coast as salinity is much
higher in southern California in marshes generally and particularly in the high marsh.
On the other hand, research in Argentina has shown results consistent with ideas
developed in east coast marshes, suggesting that they may be broadly applicable
(Canepuccia et al. 2013). The conditions under which east coast ideas of spatial
variation in the interaction intensities in salt marshes are applicable remain uncertain
on larger continental scales.
In particular, it is unclear to what extent traditional ideas of spatial variation in
species interactions can be scaled up to large gradients. In some cases, interactions are
more facilitative in stressful environments as predicted by the SGH (Bertness and
Ewanchuk 2002a, Canepuccia et al. 2013), but interaction strength does not differ
between New England and southeastern US marshes, suggesting that variation in
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interaction strength may be more complex than recognized by current theory
(Pennings et al. 2003). These studies often compare just two locations rather than
examining the consequences of changes in stress along a gradient (but see Canepuccia
et al. 2013), even though trends may be more complicated than simple linear patterns.
In an alpine system, the weakest facilitative effects occurred at both extremes of the
gradient in environmental severity (Cavieres and Badano 2009). This relationship
could only be revealed by a fine-scale study of geographic variation in species
interactions and suggests that such studies may reveal nuances and patterns that are
obscured when comparing only a few locations.
Ecologically important climatic factors like temperature and precipitation show
latitudinal gradients, but the patterns often differ among ocean basins as a result of
currents, circulation of heat and upwelling. For instance, environmental conditions at
the same latitude differ substantially between the east and west coasts of the United
States, both in terms of mean values and temporal dynamics. The west coast typically
receives less precipitation with more variation over time, while the east coast is more
seasonally variable in temperature. These environmental differences may cause
communities to function differently on the east and west coasts. In grasslands,
differences in mean precipitation are related to variation in plant diversity (Cleland et
al. 2013a). Variability also affects diversity either by preventing competitive exclusion
or directly causing the extinction of community members (Menge & Sutherland 1976;
Sousa 1979; Shurin et al. 2010; Letten et al. 2013). Thus, environmental means and
variability affect diversity both by directly altering species’ fitness and by changing
interactions. Yet despite substantial environmental differences, few studies have
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examined whether latitudinal shifts in species interactions or community diversity in
salt marshes differ between the east and west coasts of North America. Environmental
gradients may alter species interactions by selecting for adaptive variation within taxa
in addition to differentially affecting species’ performances. Populations of
widespread species may display adaptation to local environmental conditions such that
populations have different traits (e.g. Pennings et al. 2003; Woods et al. 2012; Pratt &
Mooney 2013; Vergeer & Kunin 2013). These trait differences can affect species
interactions, resulting in stronger or weaker competition among plant populations due
to inherent differences in the plants in addition to the environmental conditions they
experience (Espeland and Rice 2007a, Liancourt and Tielbörger 2011). For instance,
grasses from populations in arid regions were less strongly facilitated by shrubs than
were grasses from Mediterranean populations when all were grown in an arid climate
(Liancourt and Tielbörger 2011). Adaptive phenotypic variation among populations
may therefore contribute to geographic variation in species interactions.
Geographic variation in interactions with higher trophic levels may also
contribute to variation in plant interactions. Herbivory, for instance, often varies
across latitudes as a function of changes in intensity of consumption and plant
defensive traits (Pennings and Silliman 2005, Pennings et al. 2007). It can strongly
reduce plant growth, survival and other plant fitness variables that affect interactions
with other plants (Srivastava and Jefferies 1996, Pennings and Silliman 2005). In
grasslands, when herbivory reduced light limitation, it increased species diversity by
reducing the strength of competition between fast-growing and slow-growing species
(Suding et al. 2005, Hautier et al. 2009, Borer et al. 2014). The presence of herbivores
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also increased susceptibility of a salt marsh species to competition such that it was
only negatively affected by other plant species when herbivores were present (Rand
2003). Herbivory can substantially affect competitive interactions among plants, so it
may also be a driver of geographic differences in plant interactions (Lin et al. 2015).
Numerous aspects of spatial variation in species interactions have yet to be
explored. We still lack understanding of how changes in environmental variables such
as tidal height affect communities or how species interactions vary geographically
across large geographic scales and in less studied regions such as the Pacific coast of
North America. Research clearly demonstrates that the environment drives geographic
differences in plant-plant interactions, yet the effect of higher trophic levels and
phenotypic variation among plant populations have rarely been considered. In
addition, the association of plant species diversity with continental-scale variability of
the environment across space and time is unknown. A better understanding of these
questions is essential to predicting how species interactions and communities will
change in future climates.
Study system
Salt marshes are a particularly interesting system in which to ask these
questions because although spatial variation in species interactions is well
documented, all possible causes have not been investigated. They are also highly
productive ecosystems that provide important ecosystem services such as protection
from flooding and waves, carbon sequestration, and nursery habitat for commercially
and recreationally important species. They have unusually low plant species diversity
which makes them very tractable experimental systems as studies focused on a few
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species are representative of a large portion of the community. Finally, salt marshes
are highly threatened by anthropogenic environmental changes including climate
change, species introductions, eutrophication and changing hydrology (Byrd and Kelly
2006, Gedan et al. 2009, Deegan et al. 2012). In California, less than 10% of coastal
wetlands remain intact (UNEP 2006). Improving our understanding of causes of
spatial variation in diversity and species interactions in salt marshes will improve our
predictive abilities of how they will change in the future and clarify the extent to
which existing ideas can be generalized to larger geographic areas.
Dissertation outcomes
My dissertation consists of five chapters that address different components of
spatial variation in species interactions. First, I explored how geographic variation in
salt marsh community diversity and stability can be explained by precipitation and
temperature on the east and west coasts of North America. I used long-term plant
community and environmental data from salt marshes across the United States to
determine whether mean conditions or interannual variability were more closely
related to community dynamics. Mean temperature and precipitation were generally
more important than variability, but when variability was large, it also had important
effects on plant communities. Mean environmental conditions are currently the best
predictor of community dynamics, but as interannual variability increases with climate
change, it may also become an important determinant in salt marsh plant communities.
The second chapter investigated how sea-level rise, an emergent and
intensifying form of environmental stress, affects species interactions and community
diversity within marshes. I conducted an experiment in which I moved salt marsh turfs
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to lower elevations to simulate SLR. I observed changes in the plant and invertebrate
communities and in species interactions. In simulated SLR treatments, the dominant
plant species became more strongly competitive with subordinate species, in contrast
to what east coast theory predicts. In Mediterranean-climate marshes, salinity stress at
high tidal elevations affected plants more strongly than inundation stress at moderate
levels of SLR, suggesting that SLR may ameliorate salinity stress. Thus, different
dominant stresses may cause west coast marshes to show less facilitation in the face of
SLR than east coast marshes.
Third, I examined variation in interaction strength among plants along a large
latitudinal and environmental gradient spanning the California coast. I conducted a
neighbor-removal experiment which allowed me to determine the strength of
interactions between dominant and subordinate species at each site. The strength of
species interactions varied among sites but did not follow a latitudinal gradient nor
was it associated with soil salinity, soil moisture or wave energy. This suggests that
plant-plant interactions in west coast salt marshes are not driven by large-scale
climatic factors and may instead be driven by local factors at each site.
In the fourth chapter, I further investigated potential local factors and
considered whether inherent phenotypic differences among populations caused plants
along that gradient to interact differently. I established a common garden experiment
in which two common plants from sites along the same gradient were grown under
varying precipitation levels. Site of origin had a stronger effect on competitive
outcomes than precipitation treatment. Thus, phenotypic differences among
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populations contribute to geographic variation in species interactions and may even be
more important than differences in the environment.
Finally, I observed herbivore abundance and diversity on two common plants
along the same latitudinal gradient to determine how they vary geographically and to
assess their impact on plant communities. Like plant interactions, herbivore pressure
did not show latitudinal patterns, but sites with more herbivory on the subordinate
species also showed a stronger competitive effect of the dominant on the subordinate
species. This suggests that herbivory, another local factor, may affect the strength of
competition and contribute to geographic variation in plant-plant interactions.
These questions allow us to better understand how current ideas about species
interactions in salt marshes generalize to broad geographic spatial scales. Together,
my results suggest that while large-scale environmental patterns are important at
continental scales, on the west coast, local factors such as sea level, herbivory, plant
phenotypes and soil nutrients may drive interactions at regional and local scales more
than climate.
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CHAPTER 1
Mean environmental conditions predict salt marsh plant community diversity and
stability better than environmental variability
Abstract
Environmental variability and the frequency of extreme events are predicted to
increase in future climate scenarios; however, the role of fluctuations in shaping
community composition, diversity and function is not well understood. Identifying
current patterns of association between measures of community function and climatic
means and variability will help elucidate the ways in which altered variability and
mean conditions may change communities in the future. Salt marshes provide essential
ecosystem services and are increasingly threatened by sea-level rise, land-use change,
eutrophication and predator loss, yet the effects of environmental variation on salt
marshes remain unknown. We used long-term monitoring data from plant
communities in salt marshes along both coasts of the continental United States to
determine the associations among long-term mean conditions, interannual
environmental variability, community stability and diversity. We found that salt marsh
community stability and diversity were more strongly related to the long-term means
of temperature and precipitation than interannual variation, but interannual variability
was also important if it was large (20-50% of the mean). Warm and wet environments
had less species turnover among years and fewer species. Communities in cool, dry
environments may be more resilient to climate warming due to greater species
richness and turnover. Mean conditions are sufficient to predict contemporary patterns
of salt marsh plant community dynamics and short-term impacts of climate change,

15

16
but environmental variability will likely have stronger impacts as it increases with
climate change.
Introduction
Studies of climate effects on communities frequently focus on mean
conditions, but variability of the environment may have equally important effects on
species’ demographics, interactions and distributions (Vasseur et al. 2014, Bulleri et
al. 2014). Climate change is predicted to increase variability of several environmental
factors including temperature and precipitation (Easterling et al. 2000, Cayan et al.
2009, IPCC 2014). A better understanding of the effect of environmental variability on
diversity and stability of ecological communities is critical for predicting their
response to ongoing climate change.
Theory predicts that environmental variability can simultaneously affect
diversity via two categories of processes (Adler and Drake 2008). Greater
environmental variability is expected to enhance diversity when fluctuations increase
potential for temporal niche partitioning, known as the “Storage Effect” (Chesson
1985, Warner and Chesson 1985, Tilman and Pacala 1993). When species have
different requirements and tolerances, variation over time in conditions can reverse the
order of competitive dominance among species, preventing competitive exclusion of
those that would be lost in a constant environment (Warner and Chesson 1985,
Chesson 2000). In contrast, increased environmental variation can lead to loss of
species due to reduced geometric mean fitness and increased risk of stochastic
extinction during periods of low population density, thereby decreasing diversity. The
balance between these two effects of variation is the basis for the Intermediate
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Disturbance Hypothesis (Grime 1973; Connell 1978; Huston 2014) which predicts a
peak in diversity at an intermediate level of environmental variation (Adler and Drake
2008, D’Odorico et al. 2008).
Empirical studies support predictions that the effect of environmental variation
on community diversity depends on the intensity and frequency of variability (Menge
and Sutherland 1976, Shurin et al. 2010). In classic studies of intertidal boulder
communities, boulders that were disturbed at intermediate frequency had the highest
diversity while frequently disturbed boulders and those that were rarely disturbed both
had low diversity (Sousa 1979). Similarly, in tree communities, low and high
temperature variability were generally associated with lower species richness, likely
because high variability caused higher rates of extinction while low variability led to
competitive exclusion (Sousa 1979, Letten et al. 2013). However, in some ecosystems,
richness always increased with variability indicating that the pattern is not always
consistent (Letten et al. 2013). Thus, empirical support for a unimodal relationship
between species diversity and the level of variability is mixed (Mackey and Currie
2001, Shea et al. 2004).
By means of its effects on diversity, variability may also affect community
stability. Long-term grassland experiments show that plots with greater species
richness are more resistant and resilient to environmental change such as drought
(Tilman and Downing 1994, Tilman 1996). Species-rich communities are also more
stable over time, showing less year-to-year variation in species’ and total abundances
(Kuiters 2013). However, other studies show that community stability is maintained
by particularly stable dominant species, suggesting that diversity does not always
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dictate stability (Grman et al. 2010, Sasaki and Lauenroth 2011). Stability and
diversity may or may not show the same relationships to environmental variability, but
knowledge of both relationships is necessary to fully understand how the environment
affects community function.
The effects of environmental variability on community stability are less well
understood than those on diversity. One of few empirical studies on the topic found no
consistent pattern of association between interannual variability in rainfall and the
stability of grassland communities, although negative covariance among species was
more prevalent in more variable environments (Hallett et al. 2014). Theory predicts
that when species’ abundances negatively covary, fluctuations in community
composition will promote stability of total biomass in the face of environmental
variation (Ives et al. 1999). When species respond similarly to environmental
fluctuations, community composition is predicted to be stable as the environment
changes, while community biomass will vary as all species increase or decrease in
synchrony (Loreau and de Mazancourt 2008). However, there is little empirical
evidence indicating how stability of community composition or biomass are related to
environmental variation through time.
Comparisons of the effects of environmental means and variability on diversity
or stability have rarely been made in plant communities, and particularly few studies
simultaneously consider environment-diversity and environment-stability relationships
(but see Cleland et al. 2013; Hallett et al. 2014). We conducted a continental-scale
comparison of means and interannual variability of temperature and precipitation and
their association with plant community diversity and stability in salt marshes on both
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coasts of North America. Salt marshes are ideal for examining these relationships as
they occur over broad geographic areas that encompass large ranges in both
environmental means and variability. They also provide critical ecosystem services
including protection from floods and waves which are likely to become increasingly
important as climate change causes elevated sea levels and altered storm patterns.
Understanding how salt marsh diversity and stability covary with current variation in
climate conditions will allow us to better anticipate how they will change in future
scenarios.
We synthesized long-term salt marsh plant community monitoring data from
marshes along latitudinal gradients on both coasts of the United States. We asked
several questions: 1. Is environmental variability associated with increased species
richness because it allows for temporal niche partitioning (Warner and Chesson
1985)? Or does richness decrease as variability increases extinction risk? 2. Is
environmental variability associated with negative covariance and high turnover or do
all species respond similarly to variability leading to positive covariance and low
turnover? 3. Are species richness and stability more closely related to mean conditions
than variability? This is particularly likely if variability is low or unpredictable (e.g.
non-directional or stochastic as opposed to periodic) as these conditions may be
difficult to adapt to. A better understanding of these relationships will improve our
predictions of how communities will respond to future changes in variability of
temperature and precipitation (Easterling et al. 2000). It will also clarify whether
predictions of changes in communities must account for variability or whether
knowledge of mean conditions is sufficient.
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Methods
Data set
We identified eleven salt marsh sites in the United States in which plant
species composition has been monitored by reserve managers and other scientists as
part of experiments (Figure 1.1b). These sites consisted of NOAA National Estuarine
Research Reserve System sites, Long-Term Ecological Research sites (e.g. Brinson &
Christian 2014; Deegan & Warren 2012), and several other marshes (e.g. Coastal
Protection and Restoration Authority of Louisiana 2013). We chose sites that represent
a broad latitudinal gradient along the two coasts. In nine sites, data were collected
from replicated permanent plots that were consistent over a minimum of five years,
and in two additional sites (SO and PDB; Figure 1.1b), plant community composition
was measured in different plots each year. Species abundances were generally
measured as percent cover in 1m2 plots, but data collection methods varied among
sites (Table 1A.1). However, methods within each site were consistent over time. We
excluded any plots that were subjected to experimental treatments. Precipitation and
air temperature data were obtained from the closest available weather station to each
site using a combination of NOAA databases and local meteorological measurements.
Data analysis
We calculated long-term means of temperature and precipitation as well as
interannual variability. We calculated seasonal variability as well, but it was very
strongly correlated with interannual variability so analyses including both were not
feasible. Long-term means for each site were calculated over the years in which plant
communities were sampled. Annual means were calculated based on the growing
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season (November of the previous year – October of the calendar year; Cleland et al.
2013). Peak biomass in most sites is in October, and most sites have summer growing
seasons, although warmer sites have longer growing seasons (e.g. LPL in California,
Fig. 1b) with growth beginning in December or January. Using the year based on the
growing season allows us to calculate annual means over the same biologicallyrelevant time period for all sites.
Interannual variability (Ai) was calculated using a multiplicative time series
variance decomposition approach as in Shurin et al. (2010; Chatfield 2004; Cloern &
Jassby 2009). This method of estimating variability is based on the ratio of the means
of two different time scales and expresses variation as a percent deviation from the
mean. For each month j in each year i, the annual components of variability (Ai) for
each environmental variable, X, were calculated as
!" = $" $%&
where $" is the mean value for year i, and $%& is the long-term mean across all years.
Standard deviations of all Ai values through the time series from each site were then
calculated as measures of variability (Cloern and Jassby 2009, Shurin et al. 2010).
To determine how community stability is affected by environmental
variability, we calculated several measures that address different aspects of stability.
We calculated temporal turnover, the variance ratio, and stability of total plant cover at
the site level. Temporal turnover measures the proportion of species that appear and
disappear from one year to the next and is calculated as the ([the number of species
lost] + [the number of species gained])/(the total combined number of species
observed in the current and previous year) (Rusch and van der Maarel 1992, Cleland et
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al. 2013a). The variance ratio was used as a measure of negative covariance. It
compares the variance of plant cover at the community level (C) to the variance of
cover of each population (Pi) (Schluter 1984, Houlahan et al. 2007, Hallett et al.
2014):
'()*(+,- )(/*0 =

'()(2)
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A variance ratio of less than one suggests that negative covariance is dominant in the
community, while a value greater than one suggests that synchrony is most common.
Finally, we calculated community stability based on aggregated species
abundances (total percent cover of all species) to determine whether stability of total
abundance differs across sites. For sites in which percent cover values were not
relativized (were allowed to sum to more or less than 100%), we aggregated cover of
all species as a proxy for total plant abundance in each site and year and calculated the
community stability (µ/s where µ is overall mean abundance and s is the standard
deviation over all years; Lehman & Tilman 2000; Hallett et al. 2014). We did not
include sites in which data were relativized (limited to 100%) as this was not a
measure of total abundance.
We calculated species richness at the site level as a measure of community
diversity. To account for different sampling efforts in different sites we used the
“specaccum” function from the vegan package in R to construct rarefaction curves
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based on the number of species found as a function of the number of plots sampled
(Oksanen et al. 2015). We found the largest number of plots for which all sites had
data (55) and used the value of richness on the rarefaction curve at that point as our
rarefied species richness. One site, South Slough, had unusually high richness. It was
classified as an outlier since it was above the third quartile by substantially more than
1.5 times the interquartile range (Figure 1.2c). We did subsequent analyses both
including and excluding this point.
We examined patterns of association between measures of community stability
and diversity and temperature and precipitation variability on both coasts. We used an
information-theoretic model-averaging approach to determine which environmental
variables best explained stability and diversity, analyzing temperature and
precipitation separately as there was not sufficient power to combine them in the same
analysis. We compared fixed effects linear models that included coast, mean and
interannual variability of either temperature or precipitation. Residuals were
reasonably normal. This approach allowed us to determine the importance of each
variable by considering all possible models (Grueber et al. 2011). Models were ranked
according to AICc values and models within four AIC units of the best model
(delta=4) were used to determine importance of each variable in the top models. The
importance of each variable was calculated as the sum of Akaike weights for all top
models in which that variable was included (Bartoń 2015). We corroborated model
averaging results using model selection. Model averaging approaches perform better
than model selection when variables show collinearity (Freckleton 2011; Grueber et
al. 2011), but our results were largely consistent between model selection and model
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averaging approaches. We tested the influence of collinearity on our results using
variance inflation factors and collinearity plots. Because of collinearity among means
and variability in other variables, we only tested the effects of precipitation and
minimum daily temperature as these were sufficiently uncorrelated (Figures 1A.1,
1A.2). However, trends were consistent among minimum and maximum temperatures,
suggesting that the choice of temperature metric is not driving observed patterns. All
analyses were done in R version 3.2.0 (R Development Core Team 2015).
Results
We observed substantial environmental differences between salt marshes on
the east and west coasts of North America. Gulf coast sites were included among the
east coast sites as analyses of environmental latitudinal and coastal trends showed that
the most parsimonious model combined the two. West coast sites received less
precipitation on average than east coast sites (F1,8=6.8, p=0.031) with northwestern
sites receiving more precipitation than east coast sites at the same latitude, and
southwestern sites being much drier than southeastern (Figure 1.1e). Temperatures
were similar at the same latitude on the two coasts with higher minimum temperatures
in the south (Figure 1.1a,c). The west coast had greater variability in precipitation
(Figure 1.1f; F1,8=70.6, p<0.001), while the east coast is more variable in temperature,
particularly in the northeast (Figure 1.1b,d; Minimum: F1,8=7.35, p=0.027).
The amount of variation from the mean differed between the two
environmental variables. Temperature varied by a maximum of 17.6% from the longterm mean, but most sites showed less than 10% variation. Precipitation was more
variable with mean variation of 25% and maximum variation of 52.4%.
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Plant species turnover between years was associated with long-term means of
temperature and precipitation but rarely interannual variation (Table 1.1). Areas with
lower precipitation or lower temperatures tended to have more turnover between years
(Figure 1.2d, 1.3c). There were also substantial differences between coasts with
significantly more turnover on the west coast than on the east coast (Figure 1.2f).
Stability based on aggregated species abundances (stability of total abundance) and
covariance ratio could not be explained by any environmental variable and showed
little geographic trend (Figures 1.4c,d, 1A.3). We cannot even conclude whether
negative covariance was more prevalent than synchrony as several covariance ratios
were less than one (suggesting negative covariance) or greater than one (synchrony),
but many were so close to one that they do not distinctly suggest either mechanism
(Figure 1A.3).
Table 1.1: Importance values from models within 4 of best AICc value from
information-theoretic modeling. Larger values indicate that a term is present in more
models and therefore more important. * indicates term was in model with a
stepwiseAIC model selection method. ** indicates term was in model with model
selection and significant (p<0.05) in ANOVA. *+ indicates term was in model with
model selection and marginal (p<0.1) in ANOVA.
Coast Mean Interannual
Precipitation
Turnover
0.47** 0.28* --*
Covariance ratio
0.136 0.095 0.095
Richness
0.54*+ 0.19
0.22*+
Richness (w/
0.02
0.98** 0.91*
outlier removed)
Minimum
Turnover
0.57** 0.44*+ 0.14
temperature
Covariance ratio
0.135 0.094 0.104
Richness
0.284* 0.222 0.064
Richness (w/
0.29* 0.46*+ 0.07
outlier removed)
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Figure 1.1: Geographic trends in means and interannual variability of (a,b) maximum
temperatures, (c,d) minimum temperatures and (e.f) precipitation. Larger circles
indicate larger means or variability. Sites are labeled in (b).
As with stability, species richness was associated with mean temperatures and
precipitation (Table 1.1). Communities with higher precipitation and higher variability
in precipitation had lower species richness. Communities with lower minimum
temperatures also had lower species richness when we exclude one outlying point,
South Slough (SO; Table 1.1; Figure 1.3a). Plant diversity was higher on average on
the west coast than the east coast (Figure 1.2c). The very high rarified species richness
we observed at SO likely resulted from spatial turnover within the site. Average
species richness in individual plots at SO was relatively high (5.2 species per m2
compared to a mean of 3.1 and a maximum of 5.8 across all sites) but was not the
highest and therefore unlikely to be a result of measurement anomalies. Rather, this
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site had high mean precipitation and low variability as well as low minimum
temperatures (Figure 1.2a,b, 1.3a), suggesting that its somewhat anomalous species
richness can be explained by its extreme environment compared to other sites in our
survey.

Figure 1.2: Long-term mean (a,d) and interannual (b,e) variability of precipitation as
predictors of species richness (a-c) and turnover (d-f). Black circles represent marshes
on the east coast and gray triangles indicate the west coast. Insets are partial regression
plots. A line in a partial regression plot indicates a variable that was in the model and
has a high importance value, and those plots are based on the best model. A partial
regression plot without a line indicates a variable which was not in the model, and
plots are based on the full model. Asterisks indicate that coast (d) was significant.
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Figure 1.3: Long-term mean (a,c) and interannual (b,d) variability of minimum
temperature as predictors of variance ratio. Black circles represent marshes on the east
coast and gray triangles indicate the west coast. Insets are partial regression plots. A
line in a partial regression plot indicates a variable that was in the model, and those
plots are based on the best model. A partial regression plot without a line indicates a
variable which was not in the model, and plots are based on the full model.
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Figure 1.4: Geographic trends in species richness and stability. Larger circles indicate
larger values with larger covariance ratio values signaling less negative covariance.
Differences among sites in plot size had the potential to introduce error into
our estimates of species richness as species richness is sensitive to area sampled. Plot
sizes ranged from 0.25m2 to 4.6m2 (Table 1.1). However, across all sites, we found no
correlation between plot size and species richness (R2=0.046, p=0.53) suggesting that
plot size is unlikely to confound systematic trends in this analysis. Further, there were
no significant interactive effect of any combination of plot size, coast or latitude on
species richness confirming that there was no geographic relationship between plot
size and species richness.
Discussion
Our analysis indicates that continental-scale patterns of plant species richness
and community dynamics in salt marshes are more strongly correlated with long-term
means of precipitation and temperature than interannual variation. However,
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interannual variation of precipitation was occasionally related to community metrics
while temperature variation never was, suggesting that variability may affect
communities only when it is large. Yet generally, areas with higher mean minimum
temperatures showed lower species richness and temporal turnover. Areas with high
mean precipitation also had lower species richness and turnover. Higher temperatures
and wetter climates may lead to stronger competition and the dominance of a few
species of consistently high abundance. These findings suggest that mean conditions
are better predictors of community richness and stability than interannual variation in
salt marshes.
Mean conditions showed a stronger relationship to species richness and
stability than did environmental variability. In grasslands and forests, interannual
variability was an important predictor of stability and diversity, respectively (Letten et
al. 2013, Hallett et al. 2014). In salt marshes, community stability may be less affected
by interannual variability than in grasslands because salt marsh plants are largely
perennials and may be better able to tolerate fluctuations from year to year compared
to annual plants that often dominate grasslands. In addition, the degree of variability
observed here may not have been sufficient to have strong effects on diversity or
stability. Temperature typically varied by less than 10% from the mean. Precipitation
variation showed a stronger relationship to community metrics, which may be because
it demonstrates much more variation from the mean, varying by 20-50%. Finally, the
predictability of interannual variation may determine the extent to which it affects
communities. For instance, richness of zooplankton communities was related to
interannual environmental variability only when there was a directional trend (e.g.
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acidifying lakes; Shurin et al. 2010). Thus, mean conditions may be more closely
associated with community metrics than interannual variability unless species can
easily respond to fluctuations, variability is predictable, or the magnitude of variability
is large.
Contrary to our initial predictions, species richness and community stability
were associated with variability in precipitation but not temperature variability. Higher
variability in precipitation among years was generally associated with decreased
species richness (Figure 1.2b), suggesting that little temporal niche partitioning
occurred (Warner and Chesson 1985). This may be because salt marsh species are
mainly perennials so abundance is unlikely to change dramatically among years.
Richness is likely to be lower in areas with high variability because the risk of
extinction is generally higher (Sousa 1979, Shurin et al. 2010). High interannual
precipitation variability was also associated with decreased species turnover (Figure
1.2e), possibly because the few species that are able to tolerate variable environments
thrive in environments with few competitors (Pennings and Callaway 1992, Bertness
and Hacker 1994). Precipitation variability may be more important than temperature
variability because precipitation is more variable than temperature and therefore more
likely to affect plants and community dynamics.
Mean precipitation showed negative relationships to both species richness and
turnover, consistent with results from other salt marsh studies. An experimental study
in a low-precipitation California salt marsh found considerable species turnover
among years based on rainfall conditions (Callaway and Sabraw 1994). An
observational study in Argentinean marshes found that diversity decreased as

32
precipitation increased (Canepuccia et al. 2013). This may be because the effect of
positive interactions outweighs that of negative interactions in high salinity, low
precipitation environments, leading to weaker competition and subsequently greater
diversity where there is little precipitation (Bertness and Callaway 1994, Canepuccia
et al. 2013). In contrast, increases in mean annual precipitation are typically related to
an increase in species richness in grasslands (Cleland et al. 2013a, Hallett et al. 2014).
Competitive interactions may be more prevalent in grasslands, whereas in salt
marshes, precipitation is both a source of water and a moderator of soil salinity levels,
and decreases in precipitation cause increases in soil salinity that may be more likely
to lead to weaker competition and even facilitation (Pennings and Callaway 1992).
We also observed greater richness in marshes with colder long-term means of
minimum temperatures on both coasts of North America. This decrease in species
richness at lower latitudes is counter to most ecosystems in which richness increases at
low latitudes (Wallace 1878; Schall & Pianka 1978; Hillebrand 2004; but see
Canepuccia et al. 2013; Marshall & Baltzer 2015). Low richness at high temperatures
may result from a shift in the sign or intensity of species interactions. For example,
Spartina alterniflora, a dominant plant in Atlantic coast salt marshes, shows greater
productivity in warmer temperatures (Kirwan et al. 2009). As species increase in
productivity, competition for light may become stronger and outweigh the reduction in
physical stress due to facilitation, causing species richness to decrease as in the case of
high-latitude forests in which diversity decreases as stem density and foliage biomass
increase at warmer temperatures (Tilman 1987, Silvertown et al. 2006, Marshall and
Baltzer 2015). This is consistent with predictions of the stress-gradient hypothesis that
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physically benign environments have stronger competition and harsh environments
have stronger facilitation which can increase species richness (Bertness and Callaway
1994, Cavieres and Badano 2009, Richardson et al. 2012). Thus in more benign
conditions at lower latitudes, species richness may paradoxically be reduced as
competition becomes stronger and facilitation becomes weaker.
Temporal species turnover also decreased with increases in minimum
temperature but was unaffected by variability in temperature. Turnover followed a
trend similar to species richness with decreased turnover at higher mean temperatures,
potentially because greater richness results in more potential species that are able to
arrive or leave a site in any year. This mechanism is consistent with grasslands, where
turnover was driven mainly by the appearance and disappearance of rare species
(Cleland et al. 2013a). Because warm sites in our study were dominated by a few taxa,
there were fewer rare species to contribute to turnover.
Interestingly, while studies that manipulate species richness have found that
communities with greater species richness tend to be more stable due to mechanisms
including negative covariance (Isbell et al. 2009; Gross et al. 2014), we found no
significant relationship between the degree of covariance and richness, nor between
variance ratios and any environmental variables. A study in grasslands found that
greater interannual variability in precipitation was correlated with greater negative
covariance but not with higher richness (Hallett et al. 2014). In our case, the degree of
covariance was independent of both environmental conditions and species richness.
Whether salt marshes display negative covariance or synchrony may be related to
other environmental conditions or historical factors. Alternatively, dominant species in
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salt marshes may be better adapted to variable conditions so that community stability
is driven by the dynamics of these stable dominant species more than the interrelated
dynamics of multiple species (Grman et al. 2010, Sasaki and Lauenroth 2011).
Similarly, we found no association between aggregate stability of total plant
cover and any aspect of temperature or precipitation variation. In grasslands, there was
also no geographic trend in aggregate stability, but negative covariance was more
prevalent where aggregate stability was greater (Hallett et al. 2014). We also found no
geographic trend in stability of aggregate abundance (Figure 1.4), but in our case, no
other measures of stability were associated with greater stability of aggregate plant
abundance. It is possible that total cover is a poor indicator of total abundance or
biomass. Alternatively, another mechanism may maintain aggregate stability in sites
where asynchrony and the portfolio effect do not.
Finally, while environmental variables were related to differences among sites,
there were also inherent differences between the east and west coast. The west coast
had higher species richness and turnover, and while these may be partly due to
environmental differences (Figure 1.1), there may be other contributing factors. For
instance, differences in evolutionary history between the two coasts may result in
compositional differences or variation in species traits when the same species are
present on both coasts. This leads to variation in species interactions among coasts that
can affect community diversity and stability (Pennings et al. 2003, Noto and Shurin
2016). Thus, non-climatic factors may also contribute to community-level differences
among geographic regions.
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Our study provides evidence that long-term means of temperature and precipitation are
closely related to community diversity and stability. These results suggest that despite
predicted changes in the degree of environmental variability, changes in community
dynamics are most likely to be related to changing mean conditions. Thus, as
minimum temperatures increase (IPCC 2014), communities are likely to become less
diverse with lower turnover in places where precipitation also increases, although they
may change little where precipitation decreases. Environmental variability is also
predicted to increase, and if it increases sufficiently to depart from current bounds, it
may become an additional driver of community dynamics whose influence will be
difficult to predict if conditions are unlike any encountered in present-day salt
marshes. Nevertheless, under current conditions, communities with low temperatures
and rainfall may be the most resilient to future changes due to naturally high species
turnover and richness.
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Appendix 1A

Figure 1A.1: Correlation between interannual variation and long-term mean
precipitation.
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Figure 1A.2: Correlation between interannual variation and long-term mean minimum
temperature.

38

Figure 1A.3: Long-term mean (a,d) and interannual (b,e) variability of precipitation
(a-c) and minimum temperature (d-f) as predictors of variance ratio. Black circles
represent marshes on the east coast and gray triangles indicate the west coast. Insets
are partial regression plots. A partial regression plot without a line indicates a variable
which was not in the model, and plots are based on the full model.
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Table 1A.1: Parameters of data from each site. NERR is a National Estuarine Research
Reserve and LTER sites are Long-Term Ecological Research sites.
Abbreviation
Site name
Years
Plot
Number of
Sampling
of data size
plots sampled
method
(m2)
yearly
CAR
Carpinteria Salt
15
0.25
77 – 81
Percent cover
Marsh Reserve
CRMS
Coastwide
12
4
10
Percent cover
Reference
Monitoring
System
LPL
Los Peñasquitos
9
0.25
85 – 96
Percent cover
Lagoon
NAR
Narragansett
8
1
21 – 45
Point intercept
Bay NERR
PAP
Pointe aux Pins
11
0.25
24
Percent cover
PIE
Plum Island
8
1
10 – 12
Percent cover
Estuary LTER
PDB
Padilla Bay
6
1
20
Point intercept
NERR
SAP
Sapelo Island
16
0.25
47 – 56
Percent cover
SFB
San Francisco
12
4.65
48 – 87
Percent cover
Bay
SO
South Slough
11
1
36 – 161
Percent cover
NERR
VCR
Virginia Coast
19
2
8
Percent cover*
Reserve LTER
*VCR percent cover was based on the number of squares in a 200-square grid that
contain a species
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CHAPTER 2
Sea-level rise leads to decreased salt marsh plant diversity through stronger
competition
Summary
1. Climate change shuffles species ranges and creates novel interactions that may
either buffer communities against climate change or exacerbate its effect. For instance,
facilitation can become more prevalent in salt marshes under stressful conditions while
competition is stronger in benign environments.
2. Sea-level rise (SLR) is a consequence of climate change that affects the distribution
of stress from inundation and salinity. To determine how interactions are affected by
changes in these two stressors in Mediterranean-climate marshes, we transplanted
marsh turfs to lower elevations to simulate SLR and manipulated cover of the
dominant plant species, Salicornia pacifica (formerly Salicornia virginica).
3. We found that both S. pacifica and the subordinate species were affected by
inundation treatments, and that subordinate species cover and diversity were lower at
low elevations in the presence of S. pacifica than when it was removed. These results
suggest that the competitive effect of S. pacifica on other plants is stronger at lower
tidal elevations where we also found that salinity is reduced. In contrast, invertebrate
abundance was affected only by tidal elevation and not the plant community.
4. Synthesis. As sea levels rise, stronger competition by the dominant plant will likely
reduce diversity and cover of subordinate species in Mediterranean-climate salt
marshes. This suggests that stronger species interactions will exacerbate the effects of
climate change on the plant community.
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Introduction
Climate change has altered ecological communities by shifting species ranges
and interactions among co-occuring species. The impact of new or intensified
interactions may be as important as the direct effects of climate on species (Tylianakis
et al. 2008, Blois et al. 2013). For example, in rocky intertidal communities, the effect
of a keystone predator becomes stronger as distributions of the immobile prey species
are affected more by climate change than that of the predator (Harley 2011). Similarly,
in alpine plant communities, a shift in plant distributions can lead to increased
competition for plants that do not migrate effectively, thus exacerbating the effects of
climate change (Alexander et al. 2015). In xeric environments, warming and decreased
precipitation may make facilitative interactions that moderate desiccation stress more
prevalent (Michalet et al. 2014). Thus, changes in species interactions can either
exacerbate or mitigate the fitness effects of climate change depending on the
circumstances.
In salt marshes, facilitative interactions among plant species often become
more important in stressful environments (Bertness and Ellison 1987, Bertness and
Hacker 1994). The presence of neighboring plants increases fitness more in the
warmer, drier conditions of southern New England than in northern salt marshes
(Bertness and Ewanchuk 2002b). Climate change may alternatively lead to stronger
competition if warming reduces stress associated with waterlogging, resulting in an
increase in the competitive dominant and a decrease in diversity (Gedan and Bertness
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2009). Finally, other experimental simulations of climate change had little effect on
community interactions (Gedan and Bertness 2010, Sharpe and Baldwin 2012). The
shift in species interactions along climatic gradients therefore depends on the nature of
physical forces and how they are mediated by different community members.
Sea-level rise (SLR) is one aspect of climate change with dramatic
consequences in salt marshes. Tidal elevation determines salt marsh plant community
structure (Bertness and Ellison 1987, Janousek and Folger 2014) and SLR may
therefore have large effects on communities. In salt marshes in Mediterranean
climates, SLR could shift the balance between the two main stressors determining
community composition: inundation and desiccation (Zedler 1982, Pennings and
Callaway 1992, Janousek and Folger 2014). SLR might lead to increased facilitation at
low elevations as flood-tolerant plants benefit other species through sediment
accretion and soil aeration (Josselyn 1983, Cahoon et al. 1996). Alternatively, SLR
could lead to increased competition as inundation reduces salinity at mid-elevations by
reducing evaporation (Pennings and Callaway 1992). The effects of SLR on species
interactions are likely to be different in marshes in Mediterranean climates compared
to those on the east coast of the United States where a number of SLR studies have
been done (e.g. Gough & Grace 1998; Sharpe & Baldwin 2012) and where wetter
conditions make salinity stress less important.
Shifts in species interactions resulting from environmental change have
consequences for the diversity and composition of plant communities (Connell 1978,
Bertness and Callaway 1994, Gedan and Bertness 2009, Peters and Yao 2012). In turn,
these changes may affect associated invertebrate communities as, for example,
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structural complexity is lost along with plant diversity (MacArthur and MacArthur
1961, Tanabe et al. 2001, Whitcraft and Levin 2007). Both plant diversity and the
specific members of plant communities that are present can affect invertebrate
abundance and diversity; in an alpine community, invertebrates were more abundant
and diverse when a foundational cushion plant was present because it ameliorated the
harsh environment and facilitated greater diversity of plant species (Molenda et al.
2012). Loss of plant diversity or changes in composition are therefore likely to affect
invertebrate species. Understanding how interactions among plants and between plants
and invertebrates change with climate is essential for predicting how whole
communities and ecosystems will change under future scenarios.
To determine how species interactions vary with tidal elevation in salt marsh
communities in Mediterranean climates, we conducted an experiment in which marsh
turfs were transplanted to lower elevations in two southern California marshes to
simulate SLR. The tidal elevation treatment was crossed with manipulations of the
density of the dominant plant species, Salicornia pacifica. We sought to determine
whether interactions with the dominant plant became more competitive or more
facilitative with SLR. We also asked how SLR and changes in interactions among
plants would affect plant and arthropod communities. This allowed us to determine
how the impact of the dominant species on plant and invertebrate communities varies
among situations representing different SLR scenarios.
Materials and Methods
Study system
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This experiment was conducted at two marshes in San Diego County, CA.
Kendall-Frost Mission Bay Marsh Reserve (KF) is a 16ha reserve located on a bay and
surrounded by residential neighborhoods. Tijuana River National Estuarine Research
Reserve (TJ) is 200ha, and although there are some nearby residential areas, it is
within a larger reserve so that marsh areas are largely bordered by upland habitat.
Salicornia pacifica (formerly Salicornia virginica) is the dominant plant species in
mid-elevation marshes on the eastern coast of the Pacific from Baja California to
Canada (Macdonald and Barbour 1974). It is a perennial forb that grows upright,
reproduces vegetatively and from seed, and has a relatively broad elevation range
(Sullivan and Noe 2001). Subordinate species in these marshes are mainly perennial
forbs and include Jaumea carnosa, Frankenia salina, and Batis maritima.
Experimental design
To determine the interactive effects of SLR and dominant species on salt
marsh communities, we established an experiment in which marsh turfs were
transplanted to lower elevations to increase the duration of tidal inundation. We
selected plots within the mid- to high-marsh community, an area of high plant
diversity, to transplant to the same elevation or one of two lower elevations. We then
reduced cover of the dominant species, S. pacifica, by 0, 50 or 100% at each elevation
to determine whether species interactions would be affected by SLR.
In December 2012, 0.5m x 0.5m plots were selected at KF and TJ. Plots were
transplanted 10cm lower or 30cm lower to represent conservative predictions of SLR
in the next 50 and 100 years, respectively. We chose to use conservative estimates as
the eastern Pacific is expected to experience less SLR than other places (Cayan et al.

50
2008, IPCC 2014, Rietbroek et al. 2016). These elevations resulted in turfs being
moved to the lower limit of the S. pacifica range. We used real-time kinetic GPS and
laser levels to measure elevations. We dug turfs to approximately 25-30cm, a depth
which contained the majority of roots. We transplanted turfs to their starting elevations
(to control for physical disturbance) or one of the two lower elevations such that their
surface was flush with the ground. Plots were watered immediately after
transplantation to reduce desiccation stress to plants.
After one month, we removed 0%, 50% or 100% of S. pacifica cover originally
in each plot. Each site contained 5 replicates of each treatment resulting in 45 plots at
each site (3x3x5). S. pacifica was removed by clipping at the soil surface, and any
shoots growing back were removed throughout the experiment. Very few shoots grew
back into the plots (Figure 2.1a,b).
We sampled plots every March and October over three years. October is the
time of peak biomass, and annual plants have emerged in March. At each sampling
date we measured percent cover of every species. To determine how the treatments
affected abiotic conditions, we measured soil salinity in each plot at each sampling
date. We collected 2cm-diameter soil cores from the soil surface in the center of each
plot and squeezed porewater through a Whatman number 3 qualitative grade filter
onto a refractometer to measure soil salinity (Whitcraft and Levin 2007).
We assessed the effect of plant communities on invertebrates using pitfall traps
and sweep-netting. Pitfall traps were deployed in the field for approximately 20 hours,
as tides allowed. They were only used in the spring as tides in the fall would not
permit such long sampling. Cups of 9.5cm diameter were buried level with the soil
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surface and covered with chicken wire to prevent larger animals from falling in.
Sweep-netting was done at all sampling dates using a 30cm diameter net swept across
each plot 60 times. Invertebrates, largely arthropods, were counted and identified to
order in the lab.
Data analysis
We determined the effect of elevation and S. pacifica removal on plants and
invertebrates using several different metrics. We measured percent cover of S. pacifica
cover and all subordinate species, as well as Simpson’s diversity of subordinate
species. S. pacifica was excluded from calculations of plant diversity since it was
experimentally manipulated. We used fixed effects models to determine how plant
cover and diversity were affected by elevation, S. pacifica removal treatment, time and
site. Because the amount of S. pacifica removed was variable among plots, we also
used fixed effects models to test whether subordinate species cover at each elevation
and site was related to observed S. pacifica cover rather than S. pacifica removal
treatment. Data were square-root transformed when visual assessments revealed nonnormally distributed residuals. S. pacifica cover and subordinate species diversity
could not be transformed to meet assumptions, so we used randomizations (1000 per
test) to generate a null distribution to test hypotheses. The same analyses were used to
determine how soil salinity and invertebrate abundances were affected by treatments.
Changes in plant and arthropod community composition in response to the
treatments were determined using distance-based redundancy analyses. We used BrayCurtis distances and included interaction terms in hypothesis testing (Legendre and
Anderson 1999). All analyses were done in R v. 3.2.0 (R Development Core Team
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2015). Simpson’s diversity and redundancy analyses were done using the vegan
package in R.
Results
Elevation affected plant cover while the effect of S. pacifica removal was more
variable. S. pacifica cover showed a significant removal X elevation X site interaction
in which plots with unmanipulated S. pacifica cover differed significantly by elevation
(Table 2.1; Figure 2.1a,b). Total cover of subordinate species (all other species) was
significantly affected by an interaction between elevation, realized S. pacifica cover
and site (F2,468=3.1594, p=0.043; Figure 2A.1). Subordinate species cover was high
when S. pacifica cover was reduced, and at KF this effect was more pronounced at low
elevations (Figure 2A.1). However, total cover of subordinate species was not affected
by S. pacifica removal treatment (Table 2.1; Figure 2.1c,d). The two sites differed in
their response to tidal height (Table 2.1), with subordinate cover uniformly decreasing
with elevation at TJ but with lowest subordinate cover at KF in middle elevation plots
(Figure 2.1c,d).
Removal of S. pacifica also increased the diversity of the plant community (not
including S. pacifica). This effect was strongest at low elevation and varied between
the two sites (Table 2.1; Figure 2.2). At both sites, diversity was unaffected by
elevation in plots from which all S. pacifica was removed. However, in plots still
containing S. pacifica (i.e. 0% or 50% removal plots), diversity was reduced at low
elevations (Figure 2.2). Plant community composition at each site was significantly
affected by elevation but not S. pacifica removal (Figure 2A.2).
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Table 2.1: F-statistics from ANOVA and permutation tests of treatment effects.
Permutation tests cannot be done on terms included in significant interactions, and
those were left blank. Columns marked with a P were analyzed with permutation tests.
+
P<0.1, *P<0.05, **P<0.01, ***P<0.001.
S. pacifica Subordinate
Subordinate
Salinity
P
P
cover
species cover species diversity
Elevation (E) -62.3***
-123.6***
Removal (R)
-1.49
-3.83*
Site (S)
-0.39
-323.3***
+
Time (T)
-1.95
-67.6***
E×R
-0.30
-1.59
E×S
-32.9***
-32.9***
R×S
-1.78
-0.62
E×T
1.22
1.02
0.94
8.65***
R×T
2.24*
1.27
-0.51
S×T
9.02***
4.14**
-17.2***
E×R×S
4.73**
0.92
3.79**
2.1+
E×R×T
0.40
0.26
0.60
0.63
E×S×T
1.19
1.35
1.05
3.79***
R×S×T
1.54+
0.22
2.21*
0.33
E × R × S × T 0.49
0.25
0.84
0.68
Table 2.2: F-statistics from ANOVA and permutation tests of treatment effects on total
invertebrate abundances collected by pitfall traps and sweep-nets. Permutation tests
cannot be done on terms included in significant interactions, and those were left blank.
Columns marked with a P were analyzed with permutation tests. +P<0.1, *P<0.05,
**P<0.01, ***P<0.001.
Pitfall
Sweep-netP
Elevation (E)
6.92**
-Removal (R)
1.88
0.56
Site (S)
14.2***
-Time (T)
13.0***
-E×R
1.53
0.055
E×S
14.5***
-R×S
0.72
0.055
E×T
2.01
-R×T
0.0049
1.85
S×T
6.30*
-E×R×S
1.70
0.70
E×R×T
0.13
0.83
E×S×T
1.61
16.0***
R×S×T
0.54
0.51
E×R×S×T
0.30
0.69
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Figure 2.1: Cover of S. pacifica (top row) and subordinate species (bottom row) at
high, medium and low elevations (left to right). Data are separated by S. pacifica
removal treatment at TJ (a,c) or KF (b,d).
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Figure 2.2: Simpson’s diversity of subordinate species diversity at high, medium and
low elevations (left to right) at TJ (a) and KF (b). Data are separated by S. pacifica
removal treatments.
Salinity was significantly lower at low plots and in plots with no S. pacifica
removal, although there was no interactive effect of removal and elevation (Table 2.1;
Figure 2.3). The increase in salinity at high elevation was stronger at KF than at TJ
(Table 2.1; Figure 2.3). Arthropod abundance and community composition in both
sweepnet and pitfall traps differed by elevation but were unrelated to S. pacifica
removal treatment or S. pacifica cover (Tables 2.2 and 2A.2; Figures 2.4 and 2A.3). In
particular, flying insect orders such as Diptera and Hemiptera were more abundant at
low elevations while ground-dwelling arthropods such as Araneae were less abundant
there.
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Figure 2.3: Salinity (parts per thousand) at Kendall-Frost (white) and Tijuana (gray) at
high, medium and low elevation (left to right).

Figure 2.4: Arthropod abundance per trap or sample at high, medium and low
elevation (left to right) in pitfall (a) and sweep-net (b) samples.
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Discussion
We found that experimentally simulated sea-level rise intensified the
competitive effects of S. pacifica on subordinate plant species, indicating that sea-level
rise is likely to favor stronger antagonistic interactions among salt marsh plant species.
At both study sites, removal of S. pacifica resulted in higher diversity of associated
plants, and this effect was strongest at the lowest tidal elevations. S. pacifica therefore
competes more strongly with subordinate species at lower tidal elevations. This may
be due to lower salinity at low sea levels and may ultimately lead to a decrease in
subordinate species cover and diversity with SLR. Our results indicate that intensified
competitive effects of the dominant species may magnify the effect of sea-level rise on
marsh plant community diversity.
Contrary to expectations, we found no indication that S. pacifica facilitates
subordinate species at any tidal elevation, although its competitive effects were
strongest at the lowest elevation. Subordinate species diversity (Figure 2.2) and, at KF,
subordinate species cover were most negatively affected by S. pacifica at low
elevations (Figures 2.1d and S2.1). This shift to stronger competitive interactions with
SLR was unexpected as facilitation often occurs at lower boundaries of distributions in
salt marshes because these frequently inundated areas are stressful for plants (Bertness
and Hacker 1994). S. pacifica is tolerant to flooding and low oxygen conditions
(Mahall and Park 1976, Pennings and Callaway 1992), suggesting that it might be
capable of facilitating other species low in the marsh through sediment accretion or
possibly soil aeration (Mahall and Park 1976). However, we did not see evidence of
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facilitation or decreased performance of subordinate species at low elevations (Figure
2.1c,d), suggesting that inundation stress was less impactful than expected.
Our results suggest that in Mediterranean climate marshes, inundation stress at
low elevations may be less important in shaping communities than salinity and
desiccation stress at high elevations. Salinity was significantly lower at low tidal
elevations (Figure 2.3) where competitive effects of S. pacifica were stronger.
Although salinity was reduced in the presence of S. pacifica, the reduction in salinity
due to S. pacifica presence did not have a net positive effect on subordinate species. In
other marshes, reductions in salinity led to stronger competition (Bertness and Hacker
1994, Bertness and Ewanchuk 2002b), suggesting that the shift in interaction strength
we see here may also be due to a change in salinity stress across elevations. In fact, the
competitive abilities of S. pacifica are likely to increase with decreasing salinity as
salinity reduces its belowground biomass and branching (Woo and Takekawa 2012).
Thus, in Mediterranean climates such as southern California, the high marsh can also
be stressful as low rainfall, infrequent inundation and evaporation combine to cause
high salinity (Pennings and Callaway 1992). This is a notable contrast to trends
observed on the east coast where higher rainfall typically leads to lower salinity stress
in the high marsh, causing interactions to become facilitative lower in the marsh as
inundation stress increases (Bertness and Hacker 1994, Gedan and Bertness 2009).
Changes in plant communities due to differing levels of competition with S.
pacifica had little effect on arthropod abundance or composition, and differences in
both were better explained by tidal elevation than S. pacifica removal (Figure 2A.3).
Changes in the plant community have caused changes in the associated invertebrate
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community in other studies (Tanabe et al. 2001, Whitcraft and Levin 2007), but our
data gave no indication that shifts in plant communities affected invertebrates. The
greater abundance of flying insects (e.g. Diptera and Hemiptera) and reduced
abundance of ground-dwelling arthropods (e.g. Araneae) at low elevations that are
frequently inundated suggests that the environment may be a stronger driving force
than the composition of the plant community (Figure 2A.3). A study in subalpine
wetlands also found that altered plant community structure had relatively little effect
on arthropod communities, and the authors suggested that differences in arthropod
communities may be driven by microclimate rather than plant community composition
(Holmquist et al. 2013). Our results support this idea and suggest that regardless of
changes in the plant community with SLR, arthropod communities are likely to shift in
composition and abundance in response to environmental changes.
Our results suggest that decreased salinity with SLR may give less salttolerant plant species a competitive advantage, potentially leading to a decrease in
plant species diversity. Changes in plant community composition and diversity may
affect ecosystem services such as biomass production, habitat complexity and nitrogen
accumulation (Zedler et al. 2001). This suggests that if the full suite of ecosystem
services are to be maintained, efforts must be made to maintain species diversity, for
example accounting for SLR and planting with high diversity when planning
restoration projects.
We found that SLR causes a shift in the plant community by intensifying
competitive effects of the dominant species on subordinates. This suggests that tidal
elevation has strong effects on species interactions, and large-scale environmental
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change can alter interactions locally. The effects of environmental change on species
interactions depend on the type of environmental stress and its effects on different
community members. Our results indicate that species interactions are likely to
exacerbate the effects of SLR on salt marsh plant diversity in Mediterranean climates.
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Appendix 2A

Figure 2A.1: Subordinate species cover in relation to realized S. pacifica cover at high
(black), medium (green) and low (red) elevations at KF (top) and TJ (bottom). Solid
lines indicate significant relationships while dotted lines indicate non-significance.
Dashed lines indicated 95% confidence intervals.
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Figure 2A.2: Distance-based redundancy analysis of plant community composition at
TJ (left) and KF (right). Only species with scores >0.1 were included in this plot.

Figure 2A.3: Distance-based redundancy analysis of community composition of
invertebrates collected in sweep nets at TJ (left) and KF (right). Only species with
scores >0.1 were included in this plot.

0%
50%
100%
0%
50%
100%
0%
50%
100%
0%
50%
100%
0%
50%
100%
0%
50%
100%
0%
50%
100%
0%
50%
100%
0%
50%
100%

Salicornia
pacifica

Triglochin
concinna

Suaeda
esteroa

Limonium
californicum

Batis
maritima

Cuscuta
salina

Distichlis
spicata

Jaumea
carnosa

Frankenia
salina

Removal

Plant species
M
3.4
0.5
5.4
0.8
0.4
0.1
19.0
23.0
27.0
0
0
0
0.2
0.1
0
28.2
23.6
25.0
12.4
6.6
2.6
0
0.2
1.0
0.2
0.8
1.0

KF
SD
3.9
4.3
0.5
1.1
0.9
0.2
27.5
31.9
39.0
0
0
0
0.4
0.2
0
22.5
16.0
15.0
18.5
7.8
2.5
0
0.4
2.2
0.4
0.4
1.0

M
34.0
27.0
1.8
65.2
58.0
75.6
19.0
12.0
9.0
0.2
1.6
2.0
0
0
0.6
0
0
0
0
0
0
0
0
0
0
0
0

High
TJ
SD
23.8
27.5
2.05
39.4
30.5
26.4
42.5
26.8
20.1
0.4
2.3
4.5
0
0
0.9
0
0
0
0
0
0
0
0
0
0
0
0

M
8.2
2.4
11.0
0.6
1.0
1.2
2.0
3.0
5.0
0
0
0
0
0
0
21.0
26.0
27.6
0.2
0.6
2.6
0.2
0.2
0
0.3
1.4
0.6

KF
SD
8.1
13.3
1.1
0.9
2.2
2.2
4.5
6.7
11.1
0
0
0
0
0
0
0
0
0
8.2
14.7
17.5
0.4
0.9
4.3
0.4
1.3
0.9

M
11.0
8.4
1.6
21.0
37.0
37.0
12.0
20.0
7.0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Medium
TJ
SD
8.2
7.9
2.3
14.7
29.5
24.1
31.3
44.7
15.6
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

M
12.8
4.2
1.3
0.6
2.0
0
0.8
0.6
2.0
0
0
0
0
0
0
11.0
7.2
8.2
1.0
0.6
3.0
0
0
0
0.2
0
0.4

KF
SD
10.7
1.1
2.1
1.3
0
4.5
1.1
1.3
1.2
0
0
0
0
0
0
13.9
6.5
9.7
2.2
0.9
1.9
0
0
0
0.4
0
0.9

M
26.0
20.4
9.0
0.2
4.0
2.0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Low
TJ
SD
34.5
22.9
12.4
0.4
8.9
4.5
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Table 2A.1: Mean and standard deviations of species-specific plant percent cover by site, elevation (high, medium or low), and S.
pacifica removal treatment at final sampling date.
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0%
50%
100%
0%
50%
100%
0%
50%
100%
0%
50%
100%

Distichlis
littoralis

Total

Spartina
foliosa

Salicornia
bigelovii

Removal

Plant species
M
4.0
6.4
6.6
1.3
1.4
1.2
0
0
0
69.5
67.9
65.0

KF
SD
8.9
13.2
13.1
2.1
1.5
1.3
0
0
0
32.4
25.6
31.1

M
0
0
0
0
0
0
0
0
0
118.4
98.6
89.0

High
TJ
SD
0
0
0
0
0
0
0
0
0
16.4
16.9
38.1

M
0.2
0.6
0.4
1.7
7.0
2.0
5.0
2.0
16.0
52.4
53.6
48.3

KF
SD
0.4
0.9
1.3
1.4
5.7
1.6
11.2
4.5
35.8
17.6
21.9
20.8

M
0
0
0
0
0
0
0
0
0
46.0
65.4
45.6

Medium
TJ
SD
0
0
0
0
0
0
0
0
0
29.0
33.4
36.4

M
0
0
0
0
0
0.4
26.0
39.0
33.0
39.4
52.8
57.8

KF
SD
0
0
0
0
0.9
0
14.7
11.5
15.6
11.1
8.1
8.7

M
0
0
0
0
0
0
15.2
9.6
20.0
41.4
34.0
31.0

Low
TJ
SD
0
0
0
0
0
0
20.4
17.3
23.5
25.8
25.8
27.5

Table 2A.1, Continued: Mean and standard deviations of species-specific plant percent cover by site, elevation (high, medium or
low), and S. pacifica removal treatment at final sampling date.

64

65
Table 2A.2: Invertebrate orders present at Kendall-Frost and Tijuana Estuary in sweep
net and pitfall samples.
Taxonomic order

Sweep net
KF

Acari
Amphipoda
Araneae
Coleoptera
Collembola
Copepoda
Decapoda
Diptera
Gastropoda
Haracticoida
Hemiptera
Hymenoptera
Isopoda
Lepidoptera
Mantodea
Pseudoscorpionidae
Psocoptera
Thysanoptera

Pitfall
TJ

X
X
X
X

X

X
X

X

X
X

X
X

X

X
X

X
X

X
X

X
X

KF
X
X
X
X
X
X
X
X
X
X
X

TJ
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X

X
X
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CHAPTER 3
Interactions among salt marsh plants vary geographically but not latitudinally along
the California coast
Abstract
The strength of species interactions often varies geographically and locally with
environmental conditions. Competitive interactions are predicted to be stronger in
benign environments while facilitation is expected to be stronger in harsh ones. We
tested these ideas with an aboveground neighbor removal experiment at six salt
marshes along the California coast. We determined the effect of removal of the
dominant species, Salicornia pacifica, and subordinate species on plant community
composition and biomass as well as soil salinity and moisture. We found that S.
pacifica consistently competed with the subordinate species, and that the strength of
competition varied among sites. In contrast with other studies showing that dominant
species facilitate subordinates by moderating physical stress, here the subordinate
species facilitated S. pacifica shortly after removal treatments, but the effect
disappeared over time. Contrary to expectations based on patterns observed in east
coast salt marshes, we did not see latitudinal patterns in species interactions or soil
edaphic characteristics. Our results suggest that variation in interactions among salt
marsh plants may be influenced by local-scale site differences more than broad
latitudinal gradients.
Key words: Competition, facilitation, stress-gradient hypothesis, biogeography,
community ecology, salt marsh, Salicornia pacifica
Introduction
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Species interactions often vary geographically. For instance, stronger
consumption has been shown at low latitudes in marine invertebrate and salt marsh
plant communities (Pennings et al. 2009, Freestone et al. 2011, Kimbro et al. 2014).
These trends are attributed in part to increased productivity and diversity at low
latitudes and subsequently stronger interactions among species (MacArthur 1972;
Schall & Pianka 1978; Stachowicz & Hay 2000; Hillebrand 2004; Pennings &
Silliman 2005; Pennings et al. 2009). However, species interactions may also be
shaped by local-scale environmental variation that does not follow clear latitudinal
patterns (Pennings et al. 2003, Feller et al. 2013). Geographic patterns in species
interactions and the mechanisms driving them are informative for understanding the
functioning of ecological systems and predicting how communities will change with
the environment.
The stress-gradient hypothesis (SGH) is one of the dominant paradigms for
understanding how interactions among plants change geographically. The SGH posits
that facilitative interactions dominate in harsh environments where neighboring plants
moderate stresses such as desiccation or heat, whereas competitive interactions are
more prevalent in benign environments (Bertness and Callaway 1994). For instance, in
salt marshes, plants can facilitate others by creating cool, moist, low-salinity microclimates. Consistent with this hypothesis, studies across ecosystems have shown that
competition is stronger where temperatures are warm and precipitation is abundant
(Tewksbury and Lloyd 2001, Callaway et al. 2002a, Cavieres and Badano 2009).
Similar trends occur across soil nutrient and salinity gradients, suggesting that the
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SGH applies to abiotic factors other than temperature and precipitation (Bertness and
Ewanchuk 2002b, Espeland and Rice 2007b).
Facilitation is often a result of dominant foundation species that affect the
community by shaping the local environment (Bertness & Callaway 1994; Bruno &
Bertness 2001; Stachowicz 2001; Ellison et al. 2005). These species create refuges
from predation or environmental stress by mechanisms such as providing structure or
altering microclimates (Bruno and Bertness 2001, Ellison et al. 2005, Altieri et al.
2007). Yet in some cases, subordinate species facilitate the dominant species. For
example, in a desert community a dominant annual grass was only able to recover
from a disturbance in the presence of the subordinate species (Grime 1998, Boeken
and Shachak 2006). Thus, the strength of interactions between dominant and
subordinate species may vary in space depending on the environment and the
mechanisms by which each shapes the environment.
Geographical shifts in species interactions with the environment may depend
on the spatial scale of comparison. In alpine plants, facilitation increased with
environmental stress over short distances, but decreased again as environmental stress
intensified when the gradient was extended (Cavieres and Badano 2009). Salt marsh
plants in southern New England, where soil salinity is high, facilitate each other more
than in low-salinity northern New England, as predicted by the SGH (Bertness and
Ewanchuk 2002b). Yet interactions are equally competitive in salt marshes in New
England and the south Atlantic US coast despite greater salinity in the south (Pennings
et al. 2003). The SGH may show scale dependence as local adaptation and species
turnover between distant sites may produce communities that are adapted to more
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stressful conditions (Pennings et al. 2003, He et al. 2013). As a result, tests of the SGH
over a broad geographic and environmental gradient containing the same species are
particularly informative as they show how species interactions change over large areas
without species turnover.
Variation in interactions among plants has seldom been tested in west coast
marshes across a large geographic scale. Along an estuarine gradient in Oregon,
interactions among plants were more competitive at lower salinities as expected by the
SGH, although unlike in east coast marshes, facilitative effects of neighbors were
rarely observed (Keammerer and Hacker 2013). This test was only within one site, and
few studies have examined the variation in interaction strength among multiple sites
along a gradient rather than at two ends of it. A larger, more finely resolved gradient
may allow us to better understand how the environment affects species interactions.
We conducted a neighbor removal experiment in six sites spanning 8˚ of
latitude on the California coast to determine how interactions among salt marsh plant
species vary geographically. An improved understanding of the drivers of species
interactions will allow us to better predict how species interactions will be affected by
climate change. This is particularly important in salt marshes as they are highly
threatened ecosystems that provide critical ecosystem services (UNEP 2006, Gedan et
al. 2009). Temperature and precipitation both vary latitudinally, so we hypothesized
that interaction strength and abiotic variables such as soil salinity would also vary
among sites. Reduced salinity is typically associated with greater competition
(Bertness and Ewanchuk 2002b), and we hypothesized that interactions would be
more competitive in the north where low temperatures and abundant precipitation are
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likely to lead to low salinity. Facilitation of subordinate species by the dominant may
be expected in the south where high temperatures and low precipitation lead to high
salinity.
Methods
Study system
Plots were selected in six California salt marshes spanning approximately 1100
km and 8˚ latitude (Figure 3A.1). Sites span a four-fold gradient in precipitation and a
6˚C difference in mean temperature (Figure 3A.1; Arguez et al. 2012). However, there
was little species turnover among sites as an average of 84% of vegetation cover was
composed of the 6 species that were present across the entire range out of 13 recorded
species. As northern sites tended to face directly onto bays, we included two sites in
San Diego, one on a bay (KF) and the other on an estuary (TJ), to ensure that marshes
located on bays and estuaries were distributed across the latitudinal gradient.
This experiment focused on the effect of a common salt marsh species,
Salicornia pacifica (formerly Salicornia virginica), on the surrounding plant
community. S. pacifica is a dominant species in marshes on the eastern coast of the
Pacific from Baja California to Canada (Macdonald and Barbour 1974). It is a
perennial succulent forb that grows upright, reproduces both vegetatively and from
seed, and occurs across much of the intertidal zone (Sullivan and Noe 2001).
Subordinate species in these marshes are mainly perennial forbs and grasses and
include Jaumea carnosa, Distichlis spicata, and Frankenia salina.
Experimental design
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In fall 2013, we established a neighbor removal experiment to determine how
aboveground species interactions differ across this gradient. At each site, we
established three treatments in 1m x 1m plots replicated five times: S. pacifica
removal, subordinate plant removal and no-removal control plots. S. pacifica removals
determined the effect of S. pacifica on the surrounding plant community, while
subordinate species removal measured the effect of associated species on S. pacifica.
100% of S. pacifica cover was removed from S. pacifica removal plots, and plots were
paired so that an equivalent amount of cover was removed from the paired subordinate
species removal plot. Plants were removed by clipping aboveground biomass at the
soil surface, and plots were checked every three months and any vegetation regrowth
was removed. Typically, no more than 1-2% cover of S. pacifica grew back.
Plots were sampled for two years in late March, when annual plants start to
grow, and late September, when biomass peaks. We visually estimated percent cover
of each plant species in each plot. Percent cover estimates accounted for layering such
that total cover could exceed 100%. At the end of the experiment, we collected
aboveground biomass in a 0.1m x 1m strip of the plot 0.1m from the edge of the plot.
Biomass was brought back to the lab, sorted to species, and dried at 40˚C to constant
weight.
We made several measurements to characterize environmental differences
among plots and sites. We collected surface soil cores which we used to determine soil
moisture and soil salinity. Soil moisture was measured as percent weight loss when
samples were dried at 100˚C for 24 hours. To measure salinity, dried soil samples
were homogenized, deionized water was added until soils were saturated, and
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porewater was squeezed through a Whatman number 3 qualitative grade filter onto a
refractometer (Callaway et al. 2001). Finally, we used magnesium calcite chalk blocks
(dental chalk) to compare wave energy among plots and sites (Bertness et al. 1991,
2014). Blocks were weighed, attached to wire mesh and deployed in the field in fall
2014. After 15 weeks, chalk blocks were brought back to the lab, gently rinsed and
dried at 40˚C to constant weight. Percent weight loss from initial deployment
measured erosion and was used as an indication of wave energy.
Statistical analyses
Differences among sites and removal treatments in plant cover, aboveground
biomass, richness and interaction strengths were determined using analysis of variance
(ANOVA). Plant cover was measured four times after the experiment was established,
and time was included as a fixed factor in those models as well as richness models.
Time was not included in biomass models as it was only measured at the end of the
experiment. The effects of site and removal treatment on plant community
composition were determined using distance-based redundancy analyses (dbRDA) in
the vegan package in R. We used Bray-Curtis dissimilarities as they do not include
shared zeroes.
Interaction strengths were assessed using the log response ratio, a comparison
of paired removal and control plots (Hedges et al. 1999, Pugnaire and Luque 2001).
The effect of subordinate species on S. pacifica was calculated as ln(S. pacifica
without subordinate species/S. pacifica in control). The effect of S. pacifica on
subordinate species was calculated as ln(subordinate species without S.
pacifica/subordinate species in control). Positive interaction strengths indicate
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competition (i.e., S. pacifica cover increases with subordinate species removal), while
a negative interaction strength indicates facilitation. Interaction strengths were
calculated for both percent cover and biomass. Differences among sites were
evaluated with ANOVAs (including time in the case of cover). The subordinate
species effect on S. pacifica did not differ by site, so we aggregated data from all sites
and did one-sample t-tests to determine whether interaction strengths at each sampling
date differed significantly from zero. We applied a Bonferroni correction to account
for repeated t-tests.
Variation in environmental variables was assessed using two-way ANOVAs
with site and removal treatment as factors. We used a linear regression to test for a
relationship between latitude and interaction strength and multiple regression to test
for relationships between the environment and interaction strengths. Because each
interaction strength was calculated based on paired plots (control and removal), we
compared interaction strength to the average environmental measure in those same
plots. All analyses were done in R v. 3.2.0 (R Development Core Team 2015).
Results
Plant communities differed substantially among sites. Total cover and biomass,
subordinate species cover, and species richness varied significantly by site but did not
follow latitudinal patterns (Figure 3.1; Table 3.1). Rather, sites that were closest
together often varied considerably (Figure 3.1). Community composition also differed
by site and, unlike other measures, showed a latitudinal trend (dbRDA latitude effect:
F1,84=18.79, p<0.001). Humboldt Bay is distinct in composition from the other sites as

80

Figure 3.1: Species richness (a) and total cover (b) across all time points in control
( ), S. pacifica removal ( ) and subordinate species removal ( ) plots. Sites are
listed in order of latitude, south to north.
Table 3.1: F-values from ANOVA results for plant community metrics. Biomass was
sampled only once, so time was not included as a factor in those analyses. +P<0.01,
*P<0.05, **P<0.01, ***P<0.001
Site (S)
Removal
Time (T) R*S
R*T
S*T
R*S*T
(R)
df
2
5
3
10
6
15
30
Total
58.15*** 136.85*** 29.65*** 2.70**
8.23* 2.73* 1.32
cover
**
**
Sub.
96.62*** 54.57*** 11.18*** 3.35*** 0.579 3.87* 0.934
species
**
cover
Richness 120.4*** 0.864
2.61+
3.37*** 0.074 0.425 0.182
Sub.
119.6*** 0.188
1.56
2.83**
0.147 0.311 0.117
species
richness
Total
8.45***
20.09*** -0.964
---biomass
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it is heavily dominated by D. spicata, while other sites, particularly the three
southernmost sites, show substantial overlap in composition (Figure 3.2).

Figure 3.2: Distance-based redundancy analysis excluding S. pacifica from analysis.
Only species with scores >0.1 were included in the figure.
The effect of subordinate species on S. pacifica was consistent among sites
(F5,96=0.95, p=0.45). Subordinate species facilitated S. pacifica at the initial sampling
date and had no significant effect on later sampling dates (Figure 3.3, Figure 3A.2;

82
Spring 2014: t29=-3.75, p<0.001, αcorrected=0.0125). Both total and subordinate species
cover increased over time after initial S. pacifica removal (Table 3.1). Subordinate
species removal had little effect on total plant cover (Figure 3.1).

Figure 3.3: Interaction strengths depicting the effect of (a) S. pacifica on subordinate
species and (b) subordinate species on S. pacifica.
S. pacifica removal treatments revealed that the dominant species had a
significant competitive effect on the subordinate species (Figure 3.3, Figure 3A.2).
The effect of S. pacifica removal on subordinate species cover varied by site (Table
3.1; F5,96=4.24, p=0.0016). However, interaction strength (the ratio of subordinate
species cover in the S. pacifica removal treatment vs. control) was not correlated with
latitude (r2=0.015, p=0.186). Carpinteria, a central site, showed the weakest
competition and Tomales Bay, a northern site, showed the strongest (Figure 3.3,
Figure 3A.2). A power analysis indicated that 4x108 samples would be required to
produce a significant relationship between interaction strength and latitude based on
the slope and standard deviations that we obtained in our regression. When we
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calculated interaction strengths based on biomass measured at the end of the
experiment rather than cover, however, neither group had a significant effect on the
other (S. pacifica on sub: t29=1.35, p=0.19; sub on S. pacifica: t29=0.21, p=0.84).
We found differences among sites in soil salinity, soil moisture, and wave
energy (Table 3.2; Figures S3.1, S3.3). Removal treatments did not significantly affect
these measures, suggesting that neither S. pacifica nor subordinate species have
substantial effects on these aspects of the environment. Measured environmental
conditions also did not vary latitudinally with, for instance, the weakest wave energy
at centrally-located Elkhorn Slough (Figures S3.1, S3.3). Finally, there was no
relationship between any of these environmental variables and interaction strengths
(Figure 3.4).
Table 3.2: F-values from ANOVA results for environmental variables. +P<0.01,
*P<0.05, **P<0.01, ***P<0.001
Site
Removal Site*Removal
Df
5
2
10
Wave energy
35.33*** 2.85+
0.569
Salinity
9.03***
0.169
0.448
Soil moisture 18.38*** 0.552
0.264
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Figure 3.4: Interaction strengths based on cover in relation to salinity (parts per
thousand; a,b), soil moisture (percentage; c,d) and wave energy as measured by
percent mass lost in chalk blocks (percentage; e,f).
Discussion
We found geographic differences in interaction strength that were unrelated to
latitude. The competitive effect of the dominant species, S. pacifica, on subordinate
species varied among sites, but was unrelated to latitude or any of several measured
environmental conditions (Figure 3.4). Subordinate species consistently facilitated S.
pacifica across sites early in the experiment, but facilitation weakened over time.
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These findings suggest that geographic variation in interaction strength among salt
marsh plants is not always predictable based on latitude or aspects of the environment
as anticipated by the SGH.
Variation among sites in interaction strengths, richness and cover did not show
latitudinal trends and could not be explained by measured environmental variables.
Temperature, precipitation, soil salinity and soil moisture explain geographic variation
in species interactions in many salt marshes (Bertness and Ewanchuk 2002b, Whitcraft
and Levin 2007, Pennings et al. 2009, Keammerer and Hacker 2013), yet were
unrelated to differences among these sites in interaction strength or cover. Removal
treatments had only minor effects on soil salinity and moisture, although these effects
may have been more pronounced in the summer when we did not sample the
experiment. More dramatic removals would likely have stronger effects on the
environment as cover was reduced after removal treatments but remained high,
ranging from 67% in a cool site to 133%. Alternatively, the relationship between
latitude and species interactions may only be apparent over even larger geographic
scales, although our sites varied considerably in both temperature and precipitation
(He et al. 2013). Finally, other variables such as soil nutrients may explain the strength
of competitive interactions (Levine et al. 1998, Bertness et al. 2002, Hautier et al.
2009, Borer et al. 2014). The factors responsible for the variable effects of species
removal in our experiment remain unknown.
Community composition varied along the latitudinal gradient, unlike other
community metrics. Community composition may be more sensitive to large-scale
patterns in temperature and precipitation. Despite latitudinal variation in composition,
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84% of cover was made up of 6 species present across the whole range and the five
southernmost sites had substantial overlap in composition (Figure 3.2). Because
nearby sites were more similar in composition, we might expect them to show similar
interaction strengths. Alternatively, nearby sites may differ in interaction strengths due
to similar species composition and different environments, as was seen in New
England salt marshes (Bertness and Ewanchuk 2002b), resulting in separate
geographic trends in the north and south. Yet nearby sites were neither most similar
nor most distinct in interaction strength, suggesting that variation in interaction
strength is not driven by changes in community composition.
Our results suggest that different environmental factors may shape interactions
among salt marsh plants on the east and west coasts of North America. California
marshes are more arid than east coast salt marshes which leads to higher soil salinities
(Zedler 1982). As a result California salt marsh floras may be characterized by more
salt-tolerant species compared to those on the east coast, particularly in New England,
explaining the lack of strong facilitation in this study (Pennings et al. 2003). Similarly,
few cases of facilitation were seen in a study of interactions in Oregon marshes using
several of the same species as in our study (Keammerer and Hacker 2013). Thus, the
species that occur in west coast salt marshes may tolerate greater salinity than those on
the east coast, diminishing the importance of facilitation among species. Alternatively,
the dominant plants may exert weaker effects on salinity on the west than the east
coast.
We saw no evidence of facilitation by the dominant species, unlike in other
systems (Figure 3; Bruno & Bertness 2001; Stachowicz 2001; Ellison et al. 2005). For
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example, in prairies, dominant species facilitate subordinate species in stressful
conditions (Richardson et al. 2012). Similarly, in east coast salt marshes, the dominant
Spartina patens facilitates other species by reducing salinity stress (Shumway and
Bertness 1992, Gedan and Bertness 2010). We expected that S. pacifica might be able
to facilitate subordinate species as it has been shown to reduce temperatures and
porewater salinity in a southern California salt marsh (Whitcraft and Levin 2007). S.
pacifica might also be capable of facilitating other species low in the marsh as it is
tolerant to flooding and low oxygen conditions (Mahall and Park 1976, Pennings and
Callaway 1992). However, the presence of S. pacifica did not facilitate other species,
suggesting that conditions other than the typical salinity and inundation may be more
important to subordinate species fitness in these marshes.
Interestingly, the only facilitation we observed was of the dominant by the
subordinate species. This is not the expected trend, yet there are other cases in which
the subordinate species facilitate the dominant. The competitively dominant species in
another salt marsh study was facilitated by subordinate species in a stressful
environment (Bertness 1991). The subordinate species were tolerant of high salinity
conditions, allowing them to colonize stressful areas and make them more hospitable
for the dominant species by modifying soil conditions. In our experiment, the common
subordinate species such as J. carnosa and D. spicata were generally lower to the
ground and grew more densely than the dominant S. pacifica. These species may
facilitate S. pacifica by providing shade that modifies soils and microclimate.
Facilitation occurred only at the first sampling date when modification of the
microclimate was likely most important as environmental conditions were most
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stressful due to the sudden loss of plant cover. A common garden experiment also
found that J. carnosa facilitated growth of S. pacifica (Noto and Shurin 2016). Thus,
in addition to facilitation by dominant species, this study shows that subordinate
species can also exert positive effects on performance of the dominant species.
Geographic variation in interaction strength may also be influenced by
adaptive genetic differences among populations as well as environmental conditions.
Populations may differ as a result of adaptation to local conditions which can affect
the strength and direction of their interactions (Espeland and Rice 2007b). In a
previous study, we found that source population affected interaction strength between
S. pacifica and J. carnosa more than precipitation (Noto and Shurin 2016). The
present study included those two species and took place at the six sites from which
plants were collected in the previous study, suggesting that variation among
populations could also play a role in this experiment. Site-based variation in the effect
of S. pacifica on subordinate species observed in this experiment may be explained by
genetic differences among populations, rather than variation in environmental context.
Our results support previous studies that have found idiosyncratic changes in
interaction strength with latitude or environment that are inconsistent with the SGH
model. In arid grasslands and shrublands, changes in precipitation did not affect the
strength of competition between the dominant and subordinate species (Peters and Yao
2012). Theories that herbivory is stronger at low latitudes have also found mixed
empirical support (Moles et al. 2011). For instance, in mangroves in the western
hemisphere, herbivory was greatest at the most temperate location and least at an
intermediate site (Feller et al. 2013). Species interactions may not show consistent
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geographic trends but instead be shaped by the interaction between climate, local
conditions, and population variation in response to the environment.
Our study suggests that geographic variation in interaction strength may
depend on conditions in local sites more than large-scale latitudinal gradients in
temperature or precipitation. Variation in species interactions may be better explained
by local factors such as soil fertility, consumer species or genetic differences rather
than large-scale variation in climate (Hautier et al. 2009, Borer et al. 2014, He et al.
2015, Noto and Shurin 2016). This suggests that the effects of climate on species
interactions may be unpredictable due to interactions between climate and local-scale
environmental features. Theories about latitudinal variation in interaction strength may
therefore be difficult to generalize to different regions because of local-scale
differences in the environment or traits of species.
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Appendix 3A

Figure 3A.1: Site locations (a), mean temperatures in each site over the course of the
year (c), salinity (b) and soil moisture (d) in fall (grey) and spring (white).

Figure 3A.2: Interaction strengths depicting the effect of (a) S. pacifica on subordinate
species and (b) subordinate species on S. pacifica over time by site. Positive values
indicate competition and negative values indicate facilitation.

91

Figure 3A.3: Percent mass lost from chalk blocks as a measure of erosion due to
waves. Sites are listed from south (left) to north (right).
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Table 3A.1: Mean and standard deviations of species-specific plant cover by site and
removal treatment at final sampling date.
Plant species

Site

Salicornia
pacifica

CAR
ELK
HUM
KF
TJ
TOM
CAR
ELK
HUM
KF
TJ
TOM
CAR
ELK
HUM
KF
TJ
TOM
CAR
ELK
HUM
KF
TJ
TOM
CAR
ELK
HUM
KF
TJ
TOM
CAR
ELK
HUM
KF
TJ
TOM
CAR
ELK
HUM
KF
TJ
TOM
CAR
ELK
HUM
KF
TJ
TOM

Jaumea
carnosa

Distichlis
spicata

Distichlis
littoralis

Batis maritima

Frankenia
salina

Limonium
californicum

Triglochin
concinna

Control
Mean
SD
19.6
3.6
64.0
18.2
37.4
4.3
37.0
10.4
33.4
13.1
68.0
22.2
76.0
26.3
28.2
26.3
32.4
17.3
32.0
22.8
78.0
13.5
36.0
17.1
0
0
1.2
2.2
57.0
14.4
0
0
0
0
0
0
14.4
28.3
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
14.4
14.7
3.0
4.5
0
0
2.8
3.0
12.0
13.0
0
0
0.1
0.22
1.0
2.2
0
0
1.6
1.8
0
0
0
0
1.0
1.4
0
0
0.2
1.3
0
0
0
0
0
0
1.0
2.2
0
0
0.2
0.45

S. pacifica removal
Mean
SD
0.2
0.45
6.7
13.0
1.8
0.84
1.0
0.71
0.1
0.22
1.2
0.45
81.6
12.6
32.6
34.8
57.0
13.5
21.0
22.7
93.6
5.0
72.0
23.1
0
0
4.0
6.3
66.4
9.9
2.4
5.4
0
0
0
0
6.4
6.5
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
23.6
15.0
0
0
0
0
2.7
3.2
23.2
32.5
0
0
0.8
1.3
1.0
2.2
0
0
1.6
2.3
0
0
0
0
1.4
0.89
0
0
0.4
0.89
0
0
0
0
0
0
2.2
3.3
0
0
1.0
1.2

Subordinate species removal
Mean
SD
25.0
11.7
65.0
18.7
44.0
9.6
37.0
10.4
25.0
10.6
74.0
16.0
84.0
11.9
9.0
10.8
30.4
14.5
26.0
19.5
72.0
11.5
39.0
16.7
0
0
0.2
0.45
47.0
6.7
1.6
3.6
0
0
0
0
2.0
2.9
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
19.0
10.2
3.0
6.7
0
0
1.5
1.4
11.8
10.5
0
0
0.4
0.89
0
0
0
0
2.1
2.5
0
0
0
0
3.4
2.4
0
0
0
0
0
0
0
0
0
0
2.2
3.3
0
0
1.0
1.4
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Table 3A.1, Continued: Mean and standard deviations of species-specific plant cover
by site and removal treatment at final sampling date.
Plant species

Site

Cuscuta salina

CAR
ELK
HUM
KF
TJ
TOM
CAR
ELK
HUM
KF
TJ
TOM
CAR
ELK
HUM
KF
TJ
TOM
CAR
ELK
HUM
KF
TJ
TOM
CAR
ELK
HUM
KF
TJ
TOM

Salicornia
bigelovii

Spartina
foliosa

Suaeda
esteroa

Total

Control
Mean
SD
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1.0
2.2
0
0
0
0
0
0
0
0
0
0
10.4
8.8
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
114.4
5.4
105.4
7.9
126.8
8.8
96.9
20.9
115.4
16.1
104.8
8.2

S. pacifica removal
Mean
SD
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
7.2
12.8
0
0
0
0
0
0
0
0
0
0
10.4
7.3
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
92.5
7.3
66.5
26.9
125.2
12.3
70.0
11.6
94.7
2.9
74.6
21.5

Subordinate species removal
Mean
SD
0.2
0.45
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
3.0
5.1
0
0
0
0
0
0
0
0
0
0
6.7
5.4
0
0
0
0
0
0
0
0
0
0
0.4
0.89
0
0
0
0
114.8
6.3
86.0
29.9
121.4
12.5
99.7
20.5
100.0
14.6
114.0
5.7
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CHAPTER 4
Population variation affects interactions between two California salt marsh plant
species more than precipitation
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Chapter 4, in full, is a reprint of the material as it appears in: Noto, A.N. and
J.B. Shurin. 2016. Population variation affects interactions between two California salt
marsh plant species more than environment. Oecologia 180: 499-506. The dissertation
author is the primary investigator and author of this paper.
Appendix 4A

Figure 4A.1: The maximum number of flowers produced by J. carnosa alone (black
circles, dashed line) and with S. pacifica (white circles, solid line) under high, medium
and low precipitation treatments. (Plots from left to right.) Biomass is shown for each
population in latitudinal order with the southernmost population on the left and the
northernmost on the right of the x-axis.

110

Figure 4A.2: The maximum number of flowering branches produced by S. pacifica.
Notation is as in Figure 4A.1, but precipitation had no effect so points are averaged
over precipitation treatments.

CHAPTER 5
Invertebrate herbivory in salt marshes as a driver of geographic variation in plant-plant
interactions and plant diversity
Abstract
Consumers affect species interactions and diversity in communities by altering the
strength of competitive interactions among prey. Invertebrate herbivores can have
dramatic consequences in salt marshes, but their effects on interactions among salt
marsh plants have received little empirical attention. We conducted a survey of
invertebrate herbivores in six California salt marshes along a latitudinal gradient to
determine how herbivore distribution varies geographically in relation to temperature,
precipitation, and plant community dynamics. We found that herbivore abundance and
biomass varied among sites, but were unrelated to soil salinity, soil moisture or
latitude, which is closely related to temperature and precipitation. Plant traits may
affect herbivore distributions as herbivores were more abundant on the subordinate
plant species, Jaumea carnosa, compared to the dominant, Salicornia pacifica. S.
pacifica competed more strongly with subordinate species where herbivores on J.
carnosa were abundant, suggesting that herbivory may affect the outcome of
competition. In addition, plant diversity was greatest in sites with the highest
herbivore biomass, suggesting that herbivores may prevent competitive exclusion. Our
findings indicate that the density of invertebrate herbivores varies in relation to the
strength of competitive interactions but not climate or local soil conditions. Herbivores
may therefore play an important role in shaping geographic variability in plant
diversity and interactions among salt marsh plants.
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Introduction
Consumers can exert strong control over communities, altering species
interactions and community diversity. Changes in top predator abundance have led to
dramatic shifts in communities from kelp forests to rainforests (Estes et al. 2011).
Consumers of all types can cause shifts in community composition and determine
which species are successful (Silliman and Bertness 2002, Plass-Johnson et al. 2010,
Borer et al. 2014). Yet consumers do not always have strong effects on communities,
and the strength of their effect on communities may be determined by climate or plant
traits, for example (Pennings and Silliman 2005, Poore et al. 2012). Understanding
how these two variables affect herbivores and their community-level impacts is
important to predicting how communities will change in the future.
Herbivory can affect competitive outcomes and maintain diversity among
plants, but its effect often depends on the context of the plant community. Herbivory
reduces the abundance of some species and weakens their competitive advantage
(Tahmasebi Kohyani et al. 2009, Kim et al. 2013). When competitively dominant
species are more resistant to herbivory, herbivory may cause a decrease in plant
diversity or a shift in the balance of competition to favor dominant species (Viola et al.
2010, Kim et al. 2013). Yet herbivory can also lead to increased diversity when there
is a trade-off between competitive ability and resistance to herbivory (Viola et al.
2010). For example, in grasslands with intense competition for light, herbivory
increases plant diversity by providing opportunities for slower-growing species to be
successful, despite their poor competitive abilities (Borer et al. 2014). By affecting
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competitive outcomes, herbivory can have strong effects on plant community
composition and diversity.
Because they are among the most productive plant ecosystems, it is not
surprising that herbivores play an important role in salt marshes (e.g. Srivastava and
Jefferies 1996, Silliman and Bertness 2002). However, historically most vegetation in
salt marshes was thought to accumulate or decompose as detritus rather than being
directly consumed by herbivores (Teal 1962). Herbivory was therefore considered to
be relatively unimportant in salt marshes. More recent research has shown that
herbivores affect many aspects of salt marsh plant communities. For instance, in
places with greater herbivory by insects, salt marsh plants tend to be less palatable,
likely because the evolutionary history of grazing selected for plant defenses
(Pennings and Silliman 2005, Pennings et al. 2007). Increases in herbivory by crabs
over time also shift interactions among plants in Argentinian salt marshes from
competitive to facilitative (Alberti et al. 2008). Herbivory may even contribute to
massive die-offs of salt marsh vegetation through runaway consumption of vegetation
(Silliman and Bertness 2002, Altieri et al. 2012). Thus, herbivory likely has important
effects on salt marsh communities, and although it is infrequently studied, species
interactions.
Herbivory has historically been thought to be stronger at low latitudes
(MacArthur 1972, Coley and Barone 1996), but recent evidence increasingly calls that
pattern into question (Moles et al. 2011, Poore et al. 2012). In salt marshes on both the
east and west coasts of the Atlantic, herbivory is stronger at lower latitudes, potentially
as a result of greater feeding rates in low latitude herbivores (Pennings and Silliman

114
2005, Pennings et al. 2007). However, trends on the west coast of North America may
differ from those on the east coast as plant salinity content tends to be higher and
carbon content lower on the west coast, possibly making plants less palatable to
herbivores (Zedler 1982). In other ecosystems, studies do not reveal such a clear
latitudinal pattern. For instance, in a comparison of herbivory in mangroves across
latitudes, herbivory varied among sites, but not in relation to latitude (Feller et al.
2013). Herbivory may instead depend on variation in soil nutrients or primary
producer traits (Vince et al. 1981, Poore et al. 2012).
We conducted a survey of invertebrate herbivores on two species of salt marsh
plants along the coast of California to determine how herbivore abundance varies in
relation to latitude and aspects of the plant community. At each site, we sampled
invertebrate herbivores in plots dominated by the dominant plant species, a common
subordinate plant species, and a mix of both species. A previous experiment measured
the intensity of interactions between the two focal plant species at all of the sites
included in this survey. We sought to determine (1) how invertebrate herbivore
abundance and biomass vary spatially in relation to the latitudinal gradient in
temperature and precipitation, (2) how herbivores are related to plant-plant
interactions measured in a previous experiment and (3) how herbivore abundance
relates to plant community diversity. These questions will allow us to better
understand whether herbivores play an important role in salt marsh communities and
the extent to which their role varies geographically.
Methods
Study system
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Plots were selected in six California salt marshes spanning approximately 1100
km and 8˚ latitude (Figure 3A.1), representing a four-fold gradient in precipitation and
a 6˚C difference in mean temperature (Figure 3A.1; Arguez et al. 2012). Because
northern sites tended to face directly onto bays, we included two sites in San Diego,
one on a bay (KF) and the other on an estuary (TJ), to ensure that marshes located on
bays and estuaries were both distributed across the latitudinal gradient. These sites
were also used in a previous experiment examining geographic variation in the
strength of competition among plants.
We sampled herbivores on two common California salt marsh species,
Salicornia pacifica (formerly Salicornia virginica) and Jaumea carnosa. S. pacifica is
a dominant plant species in marshes on the eastern coast of the Pacific from Baja
California to Canada (Macdonald and Barbour 1974). It is a perennial succulent forb
that grows upright, reproduces both vegetatively and from seed, and occurs across
much of the intertidal zone (Sullivan and Noe 2001). J. carnosa is a common
subordinate perennial forb that occurs in much of the range of S. pacifica, including all
of the sites sampled here (Macdonald and Barbour 1974).
Sampling and experimental design
Invertebrate and plant samples were collected in clip quadrats dominated by S.
pacifica, J. carnosa, or a mix of the two species. Henceforth these sample types will
be referred to as majority-S. pacifica, majority-J. carnosa and mixed. Plots were
chosen haphazardly in the same vegetation zone and could contain other species in
addition to S. pacifica or J. carnosa. The clip quadrat frame was 25 cm in diameter
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and was covered with a mesh roof to prevent jumping or flying insects from escaping.
We clipped all vegetation at the soil surface and froze samples immediately.
Invertebrates were separated from vegetation in the lab under a microscope.
Invertebrates were counted and identified to order and morphospecies. We determined
which individuals were herbivores based on published records of their diets. We
measured length and width of all herbivores and used a generic length-weight
regression for insects to estimate biomass (Rogers 1976). Vegetation was separated
into S. pacifica, J. carnosa, or other species, and wet and dry biomass for each sample
were measured. To measure dry biomass, plants were weighed after drying in an oven
at 40˚C to constant weight.
To determine how herbivores interact with the plant community, we used
interaction strength among plants measured in a previous experiment (Chapter 3). In
that experiment, we measured plant percent cover at each site in 1m x 1m plots
distinct from those in which herbivores were collected. Cover was measured by
species, and total cover was allowed to exceed 100% when plants overlapped. In the
same plots, we measured interaction strength between S. pacifica and subordinate
plant species using neighbor removal experiments in which S. pacifica was removed,
subordinate species were removed or no plants were removed (Chapter 3). Finally, we
also measured soil salinity and soil moisture as described in Chapter 3.
Data analysis
To determine the effect of site and plant sample type (e.g. majority-S. pacifica)
on herbivory, we calculated total herbivore abundance and biomass (sum of average
individual biomass x abundance for each herbivore species) for each sample and
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scaled these values according to total plant biomass. Neither herbivore abundance nor
biomass met ANOVA assumptions of normality. To test the effects of site and the
most common plant species on herbivore abundance, we used a randomization test.
Biomass data were zero-inflated, so a randomization test could not be used. Instead,
we used a zero-inflated negative binomial model to test the significance of the effects
of site and the most common plant species on herbivore biomass (Zuur et al. 2010).
Plant cover measurements made in the previous experiment were used to
determine plant diversity and interaction strengths (Chapter 3). We calculated species
richness and Simpson’s diversity of plant and herbivore communities using the vegan
package in R (Oksanen et al. 2015). Interaction strengths were assessed based on the
neighbor removal experiment (Chapter 3). We used the log response ratio, a
comparison of paired removal and control plots (Hedges et al. 1999, Pugnaire and
Luque 2001). For example, the effect of subordinate species on S. pacifica was
calculated as ln(S. pacifica cover without subordinate species/S. pacifica cover in
control). Positive interactions indicate competition while negative interaction strengths
indicate facilitation.
Finally, we sought to determine the relationships among herbivore density, the
plant community and environment. Plant community composition and environmental
measurements were not taken from the same plots from which herbivores were
collected, so we conducted regressions using site-level averages. We determined the
relationship between herbivore biomass and soil salinity, soil moisture, plant-plant
interaction strengths, and plant community diversity. We also tested the relationship
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between herbivore diversity and plant diversity. All analyses were done in R v. 3.2.0
(R Development Core Team 2015).
Results
Herbivores consisted of a variety of species from a few taxonomic orders. The
most common herbivores were homopterans and thysanopterans, although several
other orders were represented (Table 5A.1). Herbivores included adults and juveniles.
Juvenile homoptera, hemiptera and theysanoptera were particularly common.
Herbivores varied in abundance and biomass among sites and based on the
most common plant species in the sample (Site*Plant for abundance: p= 0.001,
biomass: p=0.003; Figure 5.1). Overall, biomass and abundances of herbivores were
low (Figure 5.1). Central sites, CAR and ELK, had low herbivore biomass and
abundance in all plant sample types while other sites had varying herbivore loads in
samples dominated by different plant species. These differences were not consistent
latitudinally, however, with the northernmost (HUM) and southernmost (TJ) sites
having greater herbivore presence in majority-J. carnosa samples while KF, another
southern site, had greater herbivore abundance in majority-S. pacifica samples.
Neither soil salinity nor soil moisture showed any relationship to herbivory in either
majority-S. pacifica or majority-J. carnosa samples (Figure 5.2).
Herbivore density was related to both the strength of competition among plants
and plant community diversity. Sites with high herbivore biomass in samples that were
majority J. carnosa, the subordinate species, also had stronger competitive effects of
S. pacifica on subordinate species (R2=0.62, p=0.041; Figure 5.3a). Interestingly,
herbivore biomass in majority-S. pacifica samples was not related to the level of
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Figure 5.1: Herbivore biomass in samples dominated by J. carnosa ( ), S. pacifica
( ), or a mix ( ) of the two at sites from south to north (left to right). Error bars are
±SE.
facilitation it experienced from subordinate species. Sites with high herbivore
diversity had low plant diversity (Figure 5.4a), while sites with high herbivore
biomass had high plant diversity (Figure 5.4b).
Discussion
Invertebrate herbivore load on S. pacifica and J. carnosa varied across space
largely independently of environmental conditions but was related to plant community
structure and interactions. Variation in herbivore density was related to strength of
competition among plants such that the competitive effect of S. pacifica on
subordinate species was stronger in sites where herbivores were more abundant on the
subordinate species. Herbivore diversity and biomass were also related to plant

120

Figure 5.2: Herbivore biomass (mg/sample) in J. carnosa (left column) and S. pacifica
(right column) samples in relation to environmental variables.

Figure 5.3: Relationship between herbivore biomass in samples from (a) J. carnosa
and (b) S. pacifica and strength of competition on that species. Significant
relationships are shown with a line.
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Figure 5.4: Simpson’s diversity of plant community in relation to (a) Simpson’s
diversity of herbivores and (b) herbivore biomass. Plant diversity measures are
averages of all control plots at each site while herbivore measures are averages of S.
pacifica, J. carnosa and mixed samples from each site. Significant relationships are
shown with a line.
community diversity. Due to their relationship to competition and plant diversity,
herbivores likely have important effects on plant communities in California salt
marshes that have previously been unappreciated.
Herbivore load did not increase at low latitudes (Figure 5.1), consistent with a
number of recent studies (Moles et al. 2011, Poore et al. 2012), nor did it vary with
environmental variables that we measured (Figure 5.2). A meta-analysis of herbivory
in marine ecosystems similarly found that herbivory tended to vary in relation to
primary producer traits rather than environmental characteristics or geography (Poore
et al. 2012). In this study, herbivores were generally more abundant in majority-J.
carnosa samples, which may be due to trait differences between S. pacifica and J.
carnosa. The most common herbivores were those that puncture plants and suck out
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their contents, and J. carnosa may be a better target for that type of feeding. The
variation among sites in the type of plant sample that had the greatest herbivore
abundance may indicate that intraspecific variation in primary producer traits among
sites also contributes to variation in herbivore load.
Herbivore density was related to geographic variation in the strength of
competition. Instead of being associated with environmental conditions or geography,
the effect of competition on the subordinate species was stronger where herbivore
pressure was greater (Figure 5.3a). Other studies have also found that herbivory leads
to more negative impacts of competition (Haag et al. 2004, Kim et al. 2013). For
instance, seedlings of two tree species experienced the highest mortality when they
were exposed to high levels of herbivory and competition. However, many studies
also find that herbivores reduce the strength of competition with other species and may
actually lead to facilitation (Graff et al. 2007, Alberti et al. 2008). Which outcome
occurs may depend on the traits of the plant species as even within a single study,
some species experienced stronger competition with herbivory while others
experienced weaker competition (Haag et al. 2004). For instance, when the dominant
species is most impacted by herbivores, herbivory can decrease the strength of
competition among species (Hendon and Briske 2002, Tahmasebi Kohyani et al.
2009). In our case, the subordinate species, J. carnosa, was typically had more
herbivores which may explain why herbivory was associated with an accentuated
effect of competition in which plants were more negatively impacted by competition
than when herbivore density was low. Because herbivores are so closely related to
competitive outcomes, the lack of a latitudinal trend in herbivory explains why we
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previously failed to find a latitudinal trend in the strength of competition among salt
marsh plants (Chapter 3).
Herbivory may also be related to community-level properties such as plant
diversity. Plant community diversity was greatest in sites with the highest herbivore
biomass (Figure 5.4b). This is likely because herbivores disrupt competition and
prevent competitive exclusion (Borer et al. 2014). Herbivory is most likely to enhance
diversity when there is a trade-off between competitive abilities and tolerance to
herbivory (Viola et al. 2010). In this study, herbivores generally occurred at low
densities in samples dominated by S. pacifica, the dominant species, suggesting that
there is no trade-off between tolerance to herbivory and competitive abilities for this
species. Yet herbivory is still associated with increased plant diversity. This suggests
that instead of disrupting competition between S. pacifica and J. carnosa, herbivores
may disrupt competition among the subordinate species, allowing for coexistence of
more subordinate species rather than dominance of that niche by one subordinate
species.
Surprisingly, plant diversity was lowest where herbivore diversity was high
(Figure 5.4a), despite herbivore biomass and plant diversity being positively correlated
(Figure 5.4b). Herbivore diversity and biomass were also negatively correlated,
potentially because high herbivore abundance was caused by an outbreak of a few
species. Sap-sucking species such as thrips and several species of homoptera nymphs
occasionally occurred in great abundance resulting in high herbivore biomass even
with few species. Thus, although plant and herbivore diversity are often positively
correlated (e.g. Siemann et al. 1998, Haddad et al. 2001), because some herbivores
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occur in great abundance, we did not see this trend. Herbivore biomass is likely a
stronger determinant of plant diversity than is herbivore diversity.
Herbivores therefore have important effects in salt marsh communities, but
their distribution is not clearly affected by climatic factors. Nevertheless, herbivore
pressure may be affected by climate change and indirectly affect plant communities.
For instance, with warmer temperatures, changes in physiology may increase
herbivore metabolism and feeding rates (Sanford 1999, Gillooly et al. 2001). Thus as
temperatures increase, herbivores are likely to have stronger impacts on the strength of
competition and on plant diversity. In addition, climate change may also strengthen
the impact of herbivory on plants if it causes soil salinities to increase, resulting in a
decrease in plants’ ability to compensate for herbivory (Long and Porturas 2014). If
competition by S. pacifica becomes strong enough, changing herbivory may
eventually lead to a decrease in diversity as all subordinate species are impacted by the
combination of herbivory and competition. By affecting herbivore pressure, climate
change may have substantial indirect effects on plant communities.
Invertebrate herbivores have important effects in salt marsh communities and
may even affect interaction strengths among plants. Vertebrate herbivores may also
affect salt marsh communities (e.g. Srivastava and Jefferies 1996), but this research
shows that even relatively low densities of invertebrate herbivores are associated with
substantial changes in salt marsh communities. Invertebrate herbivore biomass is
closely related to plant community diversity, and herbivore load is associated with
stronger competition among plants. These effects vary geographically but do not
follow a latitudinal or climate-driven pattern. Although herbivory may be influenced
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by climate change due to effects on herbivore physiology, because herbivore pressure
is not closely related to environmental variables, it may be difficult to predict how it
will change in the future. Rather, plant traits may determine where and on which plant
species herbivores are most abundant. Thus, the factors that determine herbivore
abundance remain to be determined, but these results indicate that herbivory may be
an important force in salt marsh plant communities.
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Appendix 5A
Table 5A.1: Mean abundances of herbivorous invertebrate orders collected in S.
pacifica, J. carnosa and mixed samples from all sites.
Site
Taxonomic
order
Acari

Gastropoda

Hemiptera

Homoptera

Thysanoptera

References

Sample type

CAR

ELK

HUM

KF

TJ

TOM

J. carnosa
Mix
S. pacifica
J. carnosa
Mix
S. pacifica
J. carnosa
Mix
S. pacifica
J. carnosa
Mix
S. pacifica
J. carnosa
Mix
S. pacifica

0
0
0
2.7
1
0.1
0
0
0
1.2
4.0
4.1
0
0
0

1.7
31.7
2.8
0
0
0
0.5
0
0.5
1.1
2.9
3.7
0.7
0
0.3

1.5
2.3
3.5
34.1
13.7
3.1
0
0
0
33.8
14.6
3.7
1
1.1
1

7.3
0.6
0
2.9
0.3
0.1
0
0
0
3.5
15.0
17.2
0
0
0

0.6
0.2
0
0.2
0
0
0
0
0
5.2
15.4
4.3
6.4
1.3
0.3

0.7
1.3
1.3
0
0
0
0.6
0.3
0
3.7
4.4
3.6
7
8.0
4.1
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CONCLUSION
Spatial variation in species interactions may be driven by the environment and
by biotic factors. This dissertation set out to elucidate the conditions that drive species
interactions in salt marshes on local, regional, and continental scales in order to
understand the generalizability of theory developed on the east coast of North
America. I found that at a continental scale, environmental conditions were an
important driver of community diversity and stability. However, at regional and local
scales, local conditions had stronger effects on species interactions and community
diversity than did variation in climatic factors such as temperature and precipitation.
This suggests that drivers of variation in species interactions are not consistent across
space and that different factors affect species interactions on the west and east coasts.
At continental scales, climatic variables predicted community diversity and
stability well. Precipitation and temperature were both related to community diversity
and stability with lower species richness and less turnover in marshes in warm, wet
climates. Other studies also find that across large geographic areas, environmental
conditions are good predictors of community diversity and stability. For instance,
mean precipitation is closely associated with grassland community diversity and
stability on continental scales, although in grasslands, species richness increased with
precipitation (Cleland et al. 2013). Temperatures and temperature variability also
predict community diversity in forest communities across a large area in Australia
(Letten et al. 2013). Thus, shifts in climatic conditions are good predictors of largescale changes in community dynamics, suggesting that future shifts in community
dynamics may be predictable based on estimates of climatic change.
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Variation in species interactions across smaller geographic ranges, however,
were better explained by local factors that do not vary systematically across space.
Herbivory and phenotypic variation among populations were both related to variation
in species interactions on a regional scale. Temperature and precipitation both varied
predictably across this region, yet they were not associated with species interaction
strength, contrary to my expectations. While in other locations and systems herbivory
and trait variation are associated with climatic variables (Pennings and Silliman 2005,
Pennings et al. 2007, Pratt and Mooney 2013), they are not in these marshes,
suggesting that they are not determined by temperature and precipitation. Locally,
tidal inundation was also related to interaction strengths. Tidal ranges vary both
among and within coasts, but because inundation is controlled by local topography as
well as tidal range, inundation also does not change consistently across space.
Variation in species interaction strength across marshes may therefore be difficult to
predict as species interactions are most strongly affected by local variables.
These results are in contrast to findings from the east coast that have
traditionally dominated the salt marsh literature. Previous studies have found that
large-scale climatic factors (e.g. temperature) and their effects on local edaphic factors
are very important to determining interaction strength. For instance, warmer salt
marshes demonstrated stronger facilitation and weaker competition than cool marshes
(Bertness and Ewanchuk 2002). Warming also led to a reduction in waterlogging
stress, a shift in species interactions and subsequently reduced species diversity
(Gedan and Bertness 2009). A few studies contradict these results, for example,
finding no shift in plant-plant interactions between New England and the much
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warmer southeastern United States (Pennings et al. 2003). In addition, the effect of
nutrients, a local factor, on the strength of competition has been investigated and
shown to be important (Levine et al. 1998). However, studies continue to put forth the
idea that large-scale climatic factors are the main drivers of species interactions (He et
al. 2013, He and Bertness 2014). Yet I found that at local and regional scales in west
coast salt marshes, these climatic variables are not related to interaction strengths.
The west coast may differ from the east coast as a result of the environment or
other inherent differences between the coasts. Environmental stresses and patterns of
stress often differ between the two coasts. For instance, because the southern part of
the west coast is hot and dry compared to the east coast, evaporation and high salinity
are more common and reach levels that are more stressful on the west coast. While
environmental stress on the east coast is typically lowest at high elevations where
inundation is infrequent, in California marshes, stress is lowest at middle elevations
where inundation and salinity stress are in balance (Pennings and Callaway 1992;
Chapter 2). Similarly, in the Pacific Northwest, temperatures are more benign than at
similar latitudes on the east coast, likely leading to differences in the stress
experienced by plants and affecting their interactions (Keammerer and Hacker 2013).
My results also indicate that the east and west coasts differ environmentally, although
there are also differences in diversity and stability among coasts that are not explained
by the environment (Chapter 1). Differences among coasts that are independent of the
environment may be due to biogeography, evolutionary history, species composition
or differing plant traits. Inconsistencies between my results and previous results from
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the east coast may be due to environmental variation or biotic factors that lead to
inherent differences in salt marshes on each coast.
The factors influencing plant interactions may also appear to differ on the east
and west coasts if local factors are linked to large-scale climatic variables to varying
degrees on the two coasts. For instance, herbivory in east coast salt marshes varies
clinally in relation to climatic variables (Pennings and Silliman 2005, Pennings et al.
2009). Plant traits may also vary with latitude (Pratt and Mooney 2013), although few
studies of east coast plants consider geographic variation in plant traits (but see
Pennings et al. 2001). On the west coast, these local factors vary spatially but
independently from climate (Chapters 4, 5). Thus, herbivory and plant traits may also
have important effects on plant-plant interactions in east coast marshes, but their
effects may be less apparent as they are not easily disentangled from large-scale
climatic variables.
These results suggest that future changes in species interactions in west coast
salt marshes, and possibly east coast marshes, cannot be predicted based solely on
shifts in climatic conditions. Species ranges are already shifting as a result of changing
climate, generally moving towards the poles as temperatures increase (Parmesan and
Yohe 2003, Zuckerberg et al. 2009). Because the environment also affects species
interactions, there have been suggestions that predictions of environmental change can
be used to predict how species interactions will be affected by climate change (He et
al. 2013). Yet even for species-specific distribution models, dependence on only
readily available environmental data may not be sufficient for prediction of future
distributions; including biotic interactions and other environmental variables will
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likely be necessary for more accurate predictions (Elith and Leathwick 2009). My
results further corroborate this, suggesting that to predict how species interactions will
change, predictions of climate change alone are insufficient. Rather, biotic variables,
such as herbivory and phenotypic variation among populations, and locally variable
abiotic variables must also be considered.
Spatial variation in species interactions may be affected by other factors in
addition to those variables whose effect we measured. Nutrients, for example, affect
the strength of species interactions (Covin and Zedler 1988, Levine et al. 1998,
Bertness et al. 2002, Hautier et al. 2009, Borer et al. 2014) and likely vary among the
sites we considered. The effect of nutrients may also depend on other variables; for
example, herbivory can interact with nutrients to determine the effect on nutrients on
community diversity (Borer et al. 2014). The degree of intraspecific diversity may also
affect species interactions. Trait variation among populations affected the way that
species interacted (Chapter 4), suggesting that it may also do so within populations.
Sites with greater intraspecific variation may have stronger competition among species
if variation causes species’ niches to overlap more. Intraspecific variation may also
determine how herbivory or climate affect species interactions. Species with greater
intraspecific diversity tend to be more resistant to herbivory and environmental stress
(Hughes and Stachowicz 2004, 2009), suggesting that variation in the degree of
intraspecific diversity could affect species interactions either directly, by affecting
species niches, or indirectly, by affecting species’ persistence in the face of
disturbance. My results show that local factors such as herbivory, population variation
and sea levels are important determinants of species interaction strength and suggest
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that the importance of other local factors such as nutrients and intraspecific variation
should also be considered in the future.
My results suggest that current salt marsh ecology theory does not fully
explain community dynamics among mid-upper marsh species in west coast salt
marshes due to differences between the east and west coasts of North America. This
may be due to differing environmental stresses among the coasts or to biotic
differences resulting from differing evolutionary history. For instance, dominant plants
on the east coast are largely C4 grasses whereas the mid-marsh in west coast salt
marshes is dominated by succulent C3 plants, and physiological differences may cause
these species to be affected differently by the environment. In any case, local factors
are very important determinants of species interactions on the west coast while
climatic factors are not as closely associated with variation in interaction strength.
Interestingly, in some cases salt marshes in Argentina follow similar patterns to those
on the east coast of North America (e.g. Canepuccia et al. 2013). Therefore, the next
step in understanding spatial variation in interaction strength is to determine where
local conditions are the more important driver of species interactions and where
climatic factors are.
Distinguishing when local conditions or climate drive species interactions will
allow us to better predict the effects of climate change on salt marsh species
interactions and communities. Where climate is the most important determinant of
species interactions, species interactions will likely shift along the competitionfacilitation gradient as climate changes. In locations where local factors are more
important, more local information will be required to predict how species interactions

135
will be affected by climate change. Thus, understanding where local and climatic
factors are important will improve our abilities to anticipate the effects of climate
change and to make restoration and climate change management plans accordingly.
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