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Climate-driven range shifts of foundation species could alter ecosystem processes and
community composition by providing different resources than resident foundation
species. Along the US Atlantic coast, the northward expanding foundation species,
black mangrove Avicennia germinans, is replacing the dominant salt marsh foundation
species, marsh cordgrass Spartina alterniflora. These species have distinct detrital attributes that ostensibly provide different resources to epifauna. We experimentally examined how detritus of these species affects decomposition and community composition
in different habitat contexts at regional and local scales. First, we manipulated detritus
identity (Avicennia, Spartina) at 13 sites across a 5° latitudinal gradient spanning mangrove, mixed marsh-mangrove and salt marsh habitats. Across latitude, we found that
Avicennia detritus decomposed 2–4 times faster than Spartina detritus, suggesting that
detrital turnover will increase with mangrove expansion. Epifaunal abundance and
richness increased 2–7 times from south to north (mangrove to salt marsh) and were
equivalent between Avicennia and Spartina detritus except for crabs, a dominant taxonomic group that preferred Spartina detritus. Second, to examine the whether changing habitat context affected regional patterns, we manipulated detritus identity and
surrounding habitat type (mangrove, salt marsh) at a single mixed site, also including
inert mimics to separate structural and nutritional roles of detritus. Epifaunal richness
was similar between the two detrital types, but crabs were 2–7 times more abundant
in Spartina detritus due to its structural attributes. Surrounding habitat type did not
influence decomposition rate or community patterns, which suggests that latitudinal
influences, not surrounding habitat, drove the regional community patterns in the
first experiment. Overall, mangrove expansion could alter epifaunal communities due
to the lower structural value and faster turnover of mangrove detritus. As species shift
with changing climate, understanding foundation species substitutability is critical
to predict community change, but we must account for concomitant environmental
changes that also modify communities.
Keywords: Avicennia, benthic macrofauna, biogenic habitat, climate change, detritus,
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Introduction
Foundation species provide physical habitat structure for
other species and mediate ecosystem processes (Dayton 1972,
Ellison et al. 2005). However, it is unclear how community
and ecosystem dynamics change when one foundation species
replaces another and whether expanding foundation species
can provide substitutable functions in recipient systems. As
foundation species expand into new environments during
species range expansions or invasions (Hoegh-Guldberg and
Bruno 2010), they can either complement or replace resident
foundation species, with different outcomes for associated
species at different spatial scales (Angelini et al. 2011). At a
regional scale, increased habitat heterogeneity in areas with
mixed assemblages of foundation species could increase the
species pool relative to more homogeneous habitat in pure
stands of foundation species (Yakovis et al. 2008, Stein et al.
2014, Angelini et al. 2015). At a local scale, resident and
expanding foundation species can differentially affect associated species if each foundation species provides resources
of varying quality or quantity. Empirical examination of
ecosystem processes and communities associated with shifting foundation species at different spatial scales is essential
to understand mechanisms of community change in species
expansions and to assess whether expanding foundation species can provide substitutable community and ecosystem
functions.
At a local scale, morphological differences in the physical
structure provided by resident and expanding foundation species can alter associated abiotic factors, with cascading effects
on biotic communities (Jones et al. 1994, Byers et al. 2006,
Jones et al. 2010). For example, plasticity in shrub morphology in response to increasing Arctic temperatures enables
expanding shrub foundation species to replace native tundra
species by creating dense canopies that limit light availability to other species (Bret-Harte et al. 2001). This expansion
and structural change has altered local communities, leading to declines in lichens and mosses (Walker et al. 2006)
and increases in resource availability for herbivores (Post and
Pedersen 2008). Because differences in morphology between
resident and expanding foundation species can affect the
resources available to other species, it is essential to consider
how the identity and attributes of surrounding habitat affect
the community composition of associated species.
Expanding foundation species can also change key
resources, such as detritus, in recipient systems. Differences
in detrital quality between foundation species can affect
decomposition, and detritus with greater nutrient and lower
lignin levels are often associated with faster decomposition
rates (Melillo et al. 1982, Taylor et al. 1989, Cornelissen and
Thompson 1997, Cornwell et al. 2008). Decomposition rate
influences other ecosystem properties such as carbon sequestration, productivity and nutrient cycling (Cornelissen et al.
1999, Prescott 2010). Detritus also provides both nutrition
and structure for associated species (Cebrian and Kingsolver
1999, Moore et al. 2004, Ince et al. 2007), so differences
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in detrital attributes between resident and expanding foundation species could lead to differences in associated community composition. Differences in detrital inputs following
species expansion can lead to community ‘trophic shifts’
(Whitcraft et al. 2008); for example, after the invasion of
marsh cordgrass Spartina alterniflora in San Francisco Bay,
dominant native food webs shifted from algae-based to
detritus-based (Levin et al. 2006, Grosholz et al. 2009). In
addition to its nutritional importance, detritus also provides
physical structure for many species – as refuge to minimize
predation risk, for breeding or oviposition, or for alleviating stressful abiotic conditions (Bultman and Uetz 1984,
Harmon et al. 1986, Reice 1991). Despite widespread evidence that organisms use detritus for its structure, few studies
have examined how structural differences in detritus between
resident and expanding species affect associated community
composition. In this study, we examine how differences in
both the nutritional and structural value of detritus provided
by resident and expanding foundation species affect the
composition of associated communities.
Research system and questions

The ongoing climate-driven range expansion of mangroves
into salt marshes in northern Florida provides an opportunity to examine how ecosystem processes and associated
biota respond to shifting distributions of foundation species. Along the Atlantic coast of Florida, mangrove area
doubled from 1984 to 2011 at the expense of salt marsh
habitat (Cavanaugh et al. 2014), and there is a distinct latitudinal vegetation shift from homogeneous mangrove stands
in south Florida, to heterogeneous salt marsh-mangrove
mixed habitat along the central Florida coast, and then to
homogeneous salt marsh stands in northernmost Florida and
beyond. Here, we compare how detrital resources provided
by the dominant salt marsh species, marsh cordgrass Spartina
alterniflora, and the fastest expanding mangrove species in
Florida (Williams et al. 2014, Cavanaugh et al. 2015), black
mangrove Avicennia germinans, affect detrital turnover and
associated epifaunal community composition in different
habitat contexts at regional and local spatial scales.
Spartina alterniflora and Avicennia germinans (hereafter Spartina and Avicennia) are morphologically distinct.
Spartina (0.3–1 m tall) is clonal, grassy and herbaceous,
with multiple flat leaves that extend from a central stem;
Avicennia (1–5 m tall at our field sites) has woody trunks and
branches, leafy canopies and dense pneumatophores (pencil-sized aerial roots) (Simpson et al. 2017). These physical
differences could directly affect the composition of epifaunal invertebrate communities by altering refuge availability,
or indirectly, through changes to the abiotic environment
(e.g. altered hydrodynamic, light, salinity, temperature,
oxygen regimes) (Nagelkerken et al. 2008, Gutiérrez et al.
2011). For example, the significant aboveground structure
created by Avicennia canopies increases shading relative to
Spartina, leading to decreased sediment chlorophyll a levels

and decreased food availability for some epifaunal invertebrates (R. Smith, unpubl.). Recent work examining the relative abundance of nekton and infaunal communities in salt
marsh, mixed salt marsh–mangrove, and mangrove habitats
has shown mixed but distinct preferences for these different
habitats by different species (Caudill 2005, Lunt et al. 2013,
Johnston and Caretti 2017, Scheffel et al. 2017, Smee et al.
2017). However, no previous work has compared epifaunal
invertebrate communities among these habitats or across a
latitudinal mangrove expansion gradient.
Avicennia and Spartina also differ in the nutritional and
structural resources of their detritus. Although the detritus of
both species contain phenolic chemical compounds (Hedges
and Mann 1979, Wilson et al. 1986, McKee 1995), Avicennia
detritus has a lower C:N ratio (47–55) (Twilley et al. 1986,
Lawton-Thomas 1997) than Spartina detritus (65–92)
(Breteler et al. 1981, White and Howes 1994), which indicates that it has greater nutritional value. Avicennia and
Spartina litter have different structural attributes that likely
provide different quality refuge to epifauna. Avicennia leaves
are flat, whereas Spartina detritus has a hollow, straw-like
structure (Supplementary material Appendix 1 Fig. A1).
Spartina stems and Avicennia leaves were the primary detrital
components of the litter present at our field sites, and we
expected that Spartina stems would provide greater refuge
quality than Avicennia leaves. Although the composition of
epifaunal invertebrate communities associated with Spartina
detritus has previously been documented (Reice and Stiven
1983, Angradi et al. 2001, Brusati and Grosholz 2006,
Levin et al. 2006), to our knowledge, epifaunal communities associated with A. germinans detritus have seldom, if ever,
been examined (Morrisey et al. 2010).
We conducted two field experiments to examine how
detrital attributes of resident and expanding foundation
species affect decomposition rate and epifaunal community
composition in different habitat contexts across a latitudinal
gradient. First, at a regional scale, we manipulated detritus
identity (Avicennia, Spartina) within three regional habitat
types (mangrove, mixed salt marsh–mangrove and salt marsh)
along a 5° latitudinal expansion gradient, and documented
associated changes in decomposition and epifaunal community composition. We expected that epifaunal abundance and
taxonomic richness would be greatest in mixed salt marshmangrove habitats in the central region of our domain where
habitat heterogeneity is greatest, compared to homogeneous
stands of either mangrove or salt marsh vegetation. Second,
at a local scale at a single mixed vegetation site, we manipulated detritus identity (Avicennia, Spartina) in different surrounding habitat types (mangrove, salt marsh) to examine
changes in decomposition rate and epifaunal community
composition, while holding latitudinal influences constant.
We also included artificial detritus mimics to separate the
structural and nutritional role of detrital inputs on epifaunal
community composition.
At both regional and local scales, we expected that
decomposition rates would be higher for Avicennia detritus
compared to Spartina detritus because Avicennia has a lower

C:N ratio. We also expected that if epifauna use detritus primarily for structural refuge, they would be more abundant
and taxa-rich in Spartina detritus than Avicennia detritus
because it is more persistent over time and its hollow structure
could provide greater refuge value. Conversely, if epifauna use
detritus primarily as a food resource, we expected that they
would be more abundant and taxa-rich in Avicennia detritus because it is more nutritious and biologically available.
Together, these experiments allow us to assess whether the
detrital attributes of expanding species can substitute for
the ecosystem and community functions of resident species
detritus, including parsing out whether regional patterns are
driven by latitudinal factors, local differences in surrounding
habitat, or the distinct nutritional and structural attributes
of detritus.

Methods
Experiment 1. Regional effects of detritus identity and
habitat heterogeneity
Study sites

We selected 13 sites that were systematically spaced ~100 km
apart along the SE Atlantic seaboard from West Palm Beach,
FL to Savannah, GA to capture habitat variability across a
latitudinal gradient (27–32°) of mangrove expansion into
salt marshes (Fig. 1, Supplementary material Appendix 1
Table A1). To focus on community differences among broad
habitat types, we chose the gradient to include a southern region of pure mangrove habitat (four sites from West
Palm Beach, FL, to Sebastian Inlet, FL), a central region of
interspersed salt marsh and mangrove habitat (four sites from
Cape Canaveral, FL, to St. Augustine, FL), and a northern region of pure salt marsh habitat (five sites from Ponte
Vedra, FL to Savannah, GA) (Fig. 1, Supplementary material Appendix 1 Table A1). Eight of the sites (south, n = 4;
central, n = 4) coincided with permanent vegetation plots
established by Simpson et al. 2017, and we divided each site
into waterward fringe and landward interior sections (Fig. 1)
to encompass a diversity of abiotic conditions at each site,
and in the case the of central region, a mix of both habitat
types (Simpson et al. 2017). Within each region, these sections exhibited different inundation regimes, edaphic conditions and vegetation types. In the north salt marsh region,
tall-form Spartina alterniflora dominated the fringe section
and a mix of high marsh species composed the interior,
including short-form Spartina alterniflora, Batis maritima
and Salicornia depressa (Fig. 1). In the central mixed region,
the fringe section was comprised of high marsh species and
the black mangrove, Avicennia germinans, with a few red
mangrove, Rhizophora mangle, interspersed. The interior section resembled the north region interior (Fig. 1). In the south
mangrove region, R. mangle dominated both fringe and interior sections; interior trees were shorter (~3 m tall) and denser
than fringe trees (~5 m tall). Avicennia and white mangrove,
Laguncularia racemosa, were also intermittently present at
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Figure 1. Experiment 1 sites span a mangrove density gradient from West Palm Beach, FL to Savannah, GA. Mangrove vegetation dominated the south region, mixed (mangrove/salt marsh) vegetation characterized the central region, and salt marsh vegetation dominated the
north region. A replicate of each detritus treatment (Avicennia = AVI, Spartina = SPAR, empty control = CON) was placed in three blocks
(B1–3) in both the waterward fringe and landward interior sections at each site in a randomized block design. Dominant vegetation in
fringe and interior sections varied by region. Experiment 2 was performed at one central region site.

most southern sites (Fig. 1). Although salt marsh and mangrove stands are each composed of a mixture of species, we
focused on Spartina and Avicennia because these two species
dominate mixed environments at the leading edge of the
mangrove expansion front.
Experimental set-up

To examine whether epifaunal community composition and
detrital breakdown vary with detritus identity across this
latitudinal gradient, we established three detritus identity
treatments. We filled polypropylene litterbags (0.0225 m2;
0.635 cm mesh) with either Spartina or Avicennia detritus. To
focus on epifaunal responses to structure, we also included an
empty bag treatment as a procedural control for the structure
provided by the bag. We collected Spartina and Avicennia
detritus from the field in late June 2015 from a central
mixed habitat site in Crescent Beach, FL (29°76′12.33″N,
81°26′69.17″W). We picked yellow, fully senescent Avicennia
leaves directly from adult trees and gathered dead Spartina
from the wrack line. These collections correspond to the
respective plant parts of each species that typically enter the
benthic detrital pool (i.e. Avicennia leaves, Spartina stem and
sheath) and these were the dominant detrital components at
our field sites (Wilson et al. 1986, White and Howes 1994,
Coronado 2001, Proffitt and Devlin 2005). To maintain uniformity in initial detritus mass, we air-dried both detritus
types for a week prior to litterbag addition. We then cut
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Spartina wrack into 9 cm pieces to fit inside the litterbags.
We added 7 g of detritus to each litterbag; on average, each
treatment contained 30 mangrove leaves or 11 pieces of
Spartina wrack. Additionally, we oven-dried samples of airdried Spartina and Avicennia detritus that were not placed in
the field so that we could create a standard curve to estimate
initial starting dry masses.
At each site within each region, we established three
complete blocks of the detritus treatments (Avicennia,
Spartina, control) in each fringe and interior section
(Fig. 1). Blocks were located at least 10 m apart within
a section, and sections within a site were separated by
30–80 m. Within each block, we attached one replicate of
each detritus treatment to a single 40 cm PVC pole with
fishing line and secured each litterbag to the ground with a
garden staple to keep bags in contact with the sediment and
to prevent them from washing away. We did not place bags
in the interior section of two sites (Avalon State Park and
John D. MacArthur State Park, Supplementary material
Appendix 1 Table A1) because these sites were located on
small islands that did not grade into interior stature trees.
Thus, we deployed a total of 216 litterbags across all sites.
Initial placement occurred between 9 July 2015 and 30 July
2015, and we left the bags in the field for 90 days. We collected bags in the same order that we placed them in the
field from 5 October 2015 to 22 October 2015 to maintain
uniformity in experiment duration.

Collection and post-processing

Upon collection, we removed each litterbag from its associated PVC stake and placed each bag in an individually
labeled clear plastic bin. In some cases, associated external
sedimentation or detritus was also collected with each bag.
We then added seawater to each bin to prevent desiccation
during transport to the lab and post-processing. At the lab,
we first rinsed and removed any external detritus that had
collected on the outside of each litterbag sample to separate
it from the treatment detritus. We dried the external detritus
in a drying oven at 60°C for three days until it reached a constant weight, so that we could use these values as a covariate
in our models to account for the fact that associated external detritus could potentially serve as additional substrate for
invertebrates in our treatment samples.
Next, we cleaned and removed the treatment detritus from
each bag and set it aside for dry mass processing. We then
removed the invertebrates from each litterbag by passing
each sample through a 500 µm sieve with seawater. We
placed the sample remaining on the sieve into a clear plastic
bin and examined the contents under a magnifying lamp.
We counted, photographed, and preserved all invertebrates
in 90% ethanol, and identified taxa to the lowest taxonomic
group possible. Lastly, we placed the treatment detritus in a
drying oven at 60°C for three days, until the samples reached
a constant weight. We then measured detritus dry mass to
determine losses in percent dry mass across region for each
detritus type.
Statistical analysis

Epifaunal community composition. We used R ver. 3.1.3
(< www.r-project.org >) for all statistical analyses. To examine
differences in the structural role of the litter treatments over
time, for all community analyses we used invertebrate counts
per litterbag because bags began with the same initial substrate mass for the detritus treatments (Avicennia, Spartina).
This approach quantifies litter habitat value to invertebrates
in a way that incorporates the influence of the differential
persistence of the litter types, and also allows comparison
among all litter treatments, including the controls that had
no substrate mass. First, we explored how overall community
abundance and composition varied across region and detritus identity. A test of community composition dispersion
with the betadisper function in the ‘vegan’ package revealed
uneven dispersion between predictor levels, which violates
the PERMANOVA assumption of homogeneity of variance
(Oksanen et al. 2013). Thus, we performed a multivariate
analysis of invertebrate community composition using a
model-based approach (Warton et al. 2012, 2015), where we
fit a generalized linear mixed model using the ‘lme4’ package
(Bates et al. 2015). We created a model to examine the effects
of region (south, central, north), detritus identity (Avicennia,
Spartina, empty control), and their interaction on invertebrate taxa abundance. We also included a random slopes term
in the model that allowed each main effect (region, detritus identity) to vary by taxa identity, which enabled us to

examine how much community composition changed based
on both region and detritus identity. We also included site
as a random intercept and block as a fixed effect and fit the
model with a Poisson distribution and a log link function.
We did not include section (fringe, interior) as a predictor
in the model because this variable confounds multiple factors (e.g. tidal elevation, inundation, vegetation type) that are
not orthogonal across region. Rather, we considered litterbag
placement within both fringe and interior sections in each
region to capture the full range of habitat (i.e. local scale) variability present in each region. We also initially included the
external detritus dry mass as a covariate in the model, but its
effect was negligible and was excluded from the final model.
This analysis only included taxa that had at least ten observed
individuals across the entire study to reduce zero-inflation
issues during model fitting (Zuur et al. 2009), which reduced
the number of taxa in the analysis from 72 to 25.
Second, we investigated how community metrics and
individual taxonomic group abundances varied across region
and with detritus identity. We performed separate univariate
analyses for total individuals, for taxonomic richness, and for
dominant taxonomic groups that showed strong patterns in
the multivariate analysis (e.g. amphipods, crabs, polychaetes).
All observed taxa were included in these analyses. We also
performed separate univariate analyses for the most abundant
individual taxa (n ≥ 10 across sites). We constructed generalized linear mixed models for each of these measures as a
function of the interactive effect of region (south, central,
north) and detritus identity (Avicennia, Spartina, empty control), including site as a random intercept. We fit all models
with a Poisson distribution and a log link function, checking for overdispersion and re-fitting overdispersed models
with negative binomial distributions and log links. Block
and external detritus were initially included in the models,
but were removed if they did not account for significant
variation. We used Bonferroni corrections to account for
the family-wise error inherent in multiple univariate tests.
We performed Tukey’s post hoc tests for significant univariate models to examine differences in detritus identity across
region, using an interaction term that combined both detritus
identity and region.
Decomposition. To examine whether detrital breakdown differed by detritus identity treatments across region, for each
detritus type in each region we calculated the percent dry
mass remaining (% DMR) at the end of the experiment as
the final measured dry mass divided by the initial estimated
dry mass for Avicennia and Spartina detritus. Because we
collected Avicennia and Spartina detritus at different stages
in their decomposition trajectory (senescent Avicennia leaves
from the tree versus Spartina stems from the wrack line), we
compared within each detritus type across regions. For each
detritus type, we constructed a linear mixed model in which
we examined the effect of region (south, central, north) on
the % DMR at the end of experiment 1. We also included
site as a random intercept and fit the models with a Gaussian
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distribution, checking residual plots to ensure that model
assumptions were met. We initially included block as a fixed
effect in the model for each detritus type, but it did not
account for significant variation in either model and was
ultimately excluded.
Experiment 2. Local effects of detritus identity and
surrounding habitat
Study site

We performed an additional detritus manipulation in the
fringe section of a single mixed site in Crescent Beach,
Florida (29°76′19.33″N, 81°26′75.81″W) to examine
effects of surrounding habitat type on epifaunal community composition, while keeping latitudinal and tidal
factors constant. At this site, Avicennia was naturally interspersed within a Spartina-dominated salt marsh, creating
local scale (1 m2) patches of mangrove and salt marsh habitat. Salt marsh and mangrove habitat were present at the
same tidal height, and we used a randomized block design
to create replicated detritus treatments across ten blocks
of paired mangrove and salt marsh habitat. Each block
contained an isolated adult mangrove (136.90 ± 24.30 cm,
mean height ± SD) located a minimum of 2 m from the
next closest adult mangrove. Spartina (32.98 ± 2.65 cm,
mean height ± SD) in the block surrounded each target mangrove and we chose paired salt marsh habitat to
be within 2 m of each target mangrove. All blocks were
separated by at least 2 m, and there was no difference in
tidal elevation between blocks (Real-time Kinetic GPS,
1.40 ± 0.037 m, mean ± SD).
Experimental set-up

To examine how both surrounding habitat type and the
structural and nutritional differences between Avicennia and
Spartina detritus affect epifaunal community composition,
we deployed detritus treatments in litterbags as in experiment 1
(Avicennia, Spartina, empty control litterbags). We also
included two plastic detritus mimic treatments in each
block to isolate the structural effects of each detritus type.
For the Avicennia structural mimic, we used plastic leaves
cut from a decorative plant that approximated the dimensions of natural Avicennia leaves (4–6 cm long), adding 30
plastic leaves to each litterbag (Supplementary material
Appendix 1 Fig. A1a–b). For the Spartina structural mimic,
we cut hollow, plastic exterior airline piping (0.9 cm diameter) into 9 cm lengths and added eleven pieces to each litterbag (Supplementary material Appendix 1 Fig. A1c–d). We
deployed litterbags in a randomized block design (n = 10
blocks), crossing detritus identity (Avicennia, Avicennia
mimic, Spartina, Spartina mimic, empty control) and surrounding habitat type (mangrove, salt marsh) for a total
of 100 bags. To keep the timing and duration of deployment consistent with experiment 1, we placed litterbags in
the field on 5 July 2015 and collected them on 2 October
2015 (87 days). We collected and processed litterbags as
described above.

6

Decomposition

To measure decomposition rate over multiple time points
in the two habitats, we created litterbags with Avicennia
and Spartina detritus as described above, making 60 bags
of each detritus type. We placed three bags each of the two
detritus types (n = 6 total) in the 10 paired habitat blocks
(mangrove, salt marsh) alongside experiment 2 on 5 July.
We then collected one bag of each detritus type from each
block at 30, 149 and 214 days and used the natural Spartina
and Avicennia detritus treatments from experiment 2 as
the 87-day time point. At each time point, we measured
the change in detritus dry mass as described above using the
initial estimated dry masses.
Statistical analysis

Epifaunal community composition. First, we examined how
overall community abundance and composition varied
with surrounding habitat type and detritus identity. As in
experiment 1, we performed a multivariate analysis using a
generalized linear mixed model to examine how invertebrate
taxa abundance varied as a function of habitat type (mangrove, salt marsh), detritus identity (Avicennia, Avicennia
mimic, Spartina, Spartina mimic, empty control), and their
interaction, and we fit the model with a Poisson distribution and a log link. As above, we also included a random
slopes term that allowed each of the main effects (habitat
type, detritus identity) to vary by epifaunal taxon. The model
initially included external detritus dry mass as a covariate
and experimental block as a fixed effect, but neither of these
variables accounted for significant variation in the data, and
we removed them from the final model. This analysis only
included taxa that had at least ten observed individuals,
which reduced the final taxa count from 36 to 11.
Second, as above, we also performed univariate analyses
for total individuals, taxa richness, and dominant taxonomic
groups, including all observed taxa. We also performed
univariate analyses for the most abundant individual taxa
(n ≥ 10 across blocks), constructing generalized linear mixed
models with the same main effects as the multivariate analysis. For all models, we initially included the external detritus
dry mass as a covariate and block as a fixed effect in the models, and removed them from models for response variables in
which they were not significant. We used Bonferroni corrections to account for the family-wise error inherent in multiple univariate tests. We then performed Tukey’s post hoc
tests for significant univariate models to examine differences
among detritus treatments between habitat types, using an
interaction term that combined both detritus identity and
habitat type.
Decomposition. To determine the decomposition rate for
each detritus and habitat type combination, we calculated
the percent dry mass remaining (% DMR) of detritus for
each block (n = 10) at each time point (days 30, 87, 149,
214). We then log-transformed the % DMR values and
performed a linear regression of the log (% DMR) versus
time in the field (days), with the slope of each regression

providing the decomposition rate (k) over time (d) for each
block (Conover et al. 2016). Although the two litter types
were presumably collected at different time points in their
decomposition trajectories (senescent Avicennia leaves versus
Spartina stems from the wrack line), we captured the exponential decline of both curves over the experimental duration
of seven months. There was no evidence of non-linearities in
our data, confirming that an exponential decay model was
appropriate and that decay rates would be the same for each
litter type regardless of when we collected the plant material.
Similarly, Spartina litter in southern marshes does not exhibit
the non-linearities (Burkholder and Bornside 1957, Kirby
and Gosselink 1976, Kruczynski et al. 1978, White et al.
1978, Reice and Stiven 1983) that have been observed in
some northern marshes (Frasco and Good 1982, Valiela et al.
1985, Wilson et al. 1986). To analyze differences in k (day−1)
between detritus identity and habitat type, we used a linear model to examine k as a function of detritus identity
(Avicennia, Spartina), habitat (mangrove, salt marsh), and
their interaction. We fit the model with a Gaussian distribution and checked residual plots to ensure that model
assumptions were met.
Data deposition

Data are available from the Dryad Digital Repository:
< http://dx.doi.org/10.5061/dryad.g60vv21 > (Smith et al.
2019).
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We collected 4156 individuals across 72 taxa (Supplementary
material Appendix 1 Table A2). In the multivariate analysis,
invertebrate community composition varied significantly
with both region (χ2 = 7.27, df = 2, p = 0.026) and detritus
identity (χ2 = 14.09, df = 2, p = 0.00087), and there was no
significant interaction between region and detritus identity
(χ2 = 6.81, df = 4, p = 0.15). The direction and magnitude of
the effects of both region and detritus identity varied by taxa
(Supplementary material Appendix 1 Fig. A2, A3, Table A3,
A4). Most epifaunal invertebrate taxa differed in abundance
by region. Grouping across all taxa, the mean number of
individuals increased 4.5–7 times from south to north along
the latitudinal gradient (Fig. 2a). Abundance was lowest in
the south region (mangrove), and highest in the north region
(salt marsh) (Fig. 2a, Supplementary material Appendix 1
Table A6a). Relative taxonomic richness was also nearly two
times greater in the north region compared to the south
(Fig. 2b, Supplementary material Appendix 1 Table A6b).
Several taxonomic groups, including crabs, polychaetes,
snails and ostracods, drove community differences across the
latitudinal gradient (Supplementary material Appendix 1
Fig. A3, Table A4). Crab mean abundance increased along
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Figure 2. Mean ± SE for (a) number of individuals, (b) taxonomic richness, and (c) number of crabs collected within 0.0225 m2 litterbags,
and (d) percent dry mass remaining (% DMR) after 90 days across three geographic regions (south, central, north) in the three detritus
treatments (Avicennia, Spartina, control) of experiment 1 (n = 216 litterbags total). Non-control litterbags started with 7 g of each litter type.
Letters reflect significant post hoc tests (α < 0.05). Supplementary material Appendix 1 Fig. A3 shows abundance data for other taxonomic
groups.
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the latitudinal gradient, and we observed 2.5–4.5 times more
crabs in the north salt marsh region compared to the south
mangrove region (Fig. 2c, Supplementary material Appendix
1 Table A6d). Fiddler crabs (Uca spp.) and the square-backed
marsh crab Armases cinureum were the primary drivers of
these patterns (Supplementary material Appendix 1 Fig.
A2, Table A3, A5i, m). Polychaete abundance was significantly higher in the north region relative to the other two
regions (Supplementary material Appendix 1 Fig. A3i,
Table A4, A6h), a pattern that was driven primarily by
Capitellidae spp. 1, Nereididae spp. 1 and Streblospio benedicti
(Supplementary material Appendix 1 Fig. A2, Table A3, A5c,
e, f ). Ostracod and snail abundance was also greater in the
north region compared to the other regions (Supplementary
material Appendix 1 Fig. A3h, k, Table A4, A6g, i). In contrast, amphipods, insect larvae and tanaids were present in
negligible numbers in the north and south regions, but we
observed greater numbers of all three groups in the central
region (Supplementary material Appendix 1 Fig. A3a, f, l,
Table A3, A6c, e, j). The tanaid Leptochelia rapax, amphipods
Grandidierella bonnieroides and Gammarus mucronatus, and
insect larvae Odonata spp. and Chironomidae spp. primarily drove these patterns (Supplementary material Appendix 1
Fig. A2, Table A3, A5).
We observed significantly more individuals and greater
taxonomic richness in detritus treatments compared to control litterbags (Fig. 2a–b), and there were no significant differences between Avicennia and Spartina detritus within any
of the three regions (Fig. 2a–b). In contrast, across all regions,
crabs were 1.5–4 times more abundant in Spartina detritus
compared to either Avicennia detritus or the control (Fig. 2c,
Supplementary material Appendix 1 Table A4, A6d). As
above, fiddler crabs and the square-backed marsh crab were
the primary drivers of these patterns. No other taxonomic
groups showed differences in abundance between Spartina
and Avicennia detritus, although several groups (e.g. annelids, amphipods) were more abundant in natural detritus
compared to controls (Supplementary material Appendix 1
Fig. A3, Table A4, A6).
Decomposition

There was not a significant effect of region on percent dry
mass remaining (% DMR) after 90 days for either Avicennia
(χ2 = 2.21, df = 2, p = 0.33) or Spartina detritus (χ2 = 4.74,
df = 2, p = 0.093) (Fig. 2d).
Experiment 2. Local effects of detritus identity and
surrounding habitat
Epifaunal community composition

Overall, we collected 1029 individuals across 36 taxa
(Supplementary material Appendix 1 Table A7). In the multivariate analysis, invertebrate community composition did
not differ significantly with habitat type (χ2 = 0.88, df = 1,
p = 0.35), detritus identity (χ2 = 7.049, df = 4, p = 0.13),
or their interaction (χ2 = 5.41, df = 4, p = 0.25), and most
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taxa showed no preference for either habitat type or detritus identity (Supplementary material Appendix 1 Fig. A4,
Table A9, A11).
The total number of individuals varied significantly
with detritus identity, and there was not a significant effect
of habitat or an interaction between detritus or habitat
(Fig. 3a, Supplementary material Appendix 1 Table A11a).
There were nearly two times more individuals in natural
and mimic Spartina detritus compared to natural and
mimic Avicennia detritus and nearly three times as many
individuals compared to the empty control bag in both
habitat types (Fig. 3a). Total individual abundance did
not vary between natural and mimic detritus for either
Avicennia or Spartina in either habitat type (Fig. 3a).
Taxonomic richness did not vary based on either habitat
type or detritus identity (Fig. 3b, Supplementary material
Appendix 1 Table A11b).
Crabs were the most abundant taxonomic group (74% of
all observed individuals) and were primarily responsible for
the observed patterns for total individuals. Indeed, when we
removed crabs from the total individuals group and re-ran the
model, the remaining taxa did not show significant effects of
detritus (χ2 = 4.65, df = 4, p = 0.32), habitat (χ2 = 0.11, df = 1,
p = 0.74), or their interaction (χ2 = 6.83, df = 4, p = 0.15).
Crabs were 2–3.5 times more abundant in natural and mimic
Spartina detritus compared to natural and mimic Avicennia
detritus and 5–7 times more abundant compared to the
empty control bags (Fig. 3c). Again, there was no difference
in crab mean abundance between natural and mimic detritus
treatments of either detrital type (Fig. 3c), and crabs were
more abundant in salt marsh habitat compared to mangrove
habitat for natural and mimic Spartina detritus (Fig. 3c,
Supplementary material Appendix 1 Table A9, A11f ). As
observed at the regional scale, fiddler crabs Uca spp. and
the square-backed marsh crab Armases cinereum drove these
patterns (Supplementary material Appendix 1 Fig. A4e–f,
Table A8, A10e–f ). Most other taxonomic groups were not
abundant enough to have strong trends. However, snails were
more abundant in salt marsh habitat compared to mangrove
habitat (Supplementary material Appendix 1 Fig. A5k, Table
A9, A11k), a pattern primarily driven by the snail Assiminea
succinea (Supplementary material Appendix 1 Fig. A4d, Table
A8, A10d).
Decomposition

Avicennia detritus decomposed significantly faster than
Spartina detritus (F3, 36 = 43.56, p < 0.0001, R2 = 0.77) in
both mangrove and salt marsh habitats; there was not a significant effect of habitat or the interaction between detritus identity and habitat (Fig. 4). The decay rate, k (d−1),
of Avicennia was −0.0082 ± 0.0005 in mangrove habitats
and −0.0097 ± 0.0007 in salt marsh habitats (mean ± SE).
The decay rate of Spartina was −0.0047 ± 0.0005 in mangrove habitats and −0.0032 ± 0.0003 in salt marsh habitats
(mean ± SE).
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Figure 3. Mean ± SE for (a) number of individuals, (b) taxonomic
richness, and (c) number of crabs collected within 0.0225 m2 litterbags, based on detritus treatment (Avicennia, Avicennia mimic,
Spartina, Spartina mimic, empty control) and the surrounding habitat (mangrove, salt marsh) at a central region, mixed site in experiment 2 (n = 100 litterbags total). Mimics are plastic representations
that approximate the dimensions and density of Avicennia and
Spartina detritus included in the natural litterbags. Letters reflect significant post hoc tests (α < 0.05). Supplementary material Appendix 1
Fig. A5 shows abundance data for other taxonomic groups.

Discussion
When foundation species shift into new environments,
differences in species traits, habitat context, and large-scale
environmental factors can affect whether expanding foundation species can substitute for the ecosystem and community
functions of resident foundation species. In our study, we

compared detrital attributes of resident and expanding foundation species in different habitat contexts across a latitudinal
gradient to determine how the detritus of expanding foundation species alters decomposition and associated epifaunal
community composition. We found that the detritus of the
expanding foundation species, Avicennia germinans, decomposed 2–4 times faster than that of the dominant resident
foundation species, Spartina alterniflora, at both regional and
local spatial scales (Fig. 2d, 4). Although epifaunal abundance and taxonomic richness increased across a regional
gradient from south to north (mangrove to salt marsh), most
epifaunal taxa did not differ in abundance based on detrital
identity at either spatial scale (Fig. 2a–b, 3a–b). The exception was crabs, a dominant taxonomic group, which were
significantly more abundant in Spartina detritus compared
to Avicennia detritus across all habitats at both spatial scales
(Fig. 2c, 3c). Our inert mimic treatments suggest that the
structural attributes of Spartina detritus relative to Avicennia
detritus are sufficient to increase crab abundance. At a local
scale, surrounding habitat type did not affect decomposition
rate or community patterns. This result suggests that the epifaunal community patterns that we measured at a regional
scale are more likely due to large-scale environmental factors
that vary across latitude and not habitat context. Overall,
these differences in detrital structure and decomposition rate
suggest that detritus from the two foundation species is nonsubstitutable due to differences in detrital attributes. As mangroves expand into salt marshes, the lower refuge value and
faster turnover of mangrove detritus compared to salt marsh
detritus could lead to changes in crab abundance and shifts in
community dominance.
As hypothesized, Avicennia detritus decomposed faster
than Spartina detritus. Our values for Spartina detritus decay
constants (−0.0032 to −0.0047 day−1) are comparable to
literature values from along the Atlantic east coast that range
between k (day−1) values of −0.002 and −0.006 (Burkholder
and Bornside 1957, Kruczynski et al. 1978, Marinucci 1982,
Wilson et al. 1986, White and Howes 1994). Similarly,
our calculated k values for Avicennia litter (−0.0082 to
−0.0097 day−1) fall within the range of literature values, from
−0.004 to −0.022 (Twilley et al. 1986, Middleton and McKee
2001, Proffitt and Devlin 2005, Perry and Mendelssohn
2009). The rapid decomposition rate of Avicennia detritus
relative to Spartina detritus likely stems from the higher lignin
values and C:N ratios of Spartina as compared to Avicennia
(Hedges and Mann 1979, Taylor et al. 1989, Henry and
Twilley 2013). However, the influence of factors like inundation regime and temperature could account for the wide
variation of literature values for Avicennia decomposition
rate (Kruczynski et al. 1978, Valiela et al. 1985, Twilley et al.
1986). In fact, because detritus decomposition rates are temperature-dependent (Chapin et al. 2011), we expected that
temperature differences within and among sites would affect
our measurements of detrital turnover. Surprisingly, there
were not differences in % DMR based on region or surrounding habitat type (Fig. 2d, 4). Examination of decomposition
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214 days after deployment; n = 40 litterbags per time point) at a central region, mixed site in experiment 2.

over a longer time period that includes winter months when
a larger temperature gradient is apparent across latitude could
reveal differences in decomposition rate across region.
Although most taxonomic groups showed changes in
abundance across the regional gradient, only crabs responded
strongly to detritus identity and consistently preferred
Spartina detritus to Avicennia detritus at both regional and
local scales. Spartina detritus decomposes more slowly than
Avicennia detritus, which indicates that, on average, it has a
lower nutritional value and also persists longer in the environment as a structural refuge for invertebrates. There was
no difference in crab abundance between natural and mimic
detritus for either Spartina or Avicennia detritus, which suggests that crabs primarily use both detritus types for their
structural attributes. Additionally, the appreciable colonization of control litterbags in our experiments suggests that
structural refuge is limiting to epifauna in these systems,
which supports the important structural role of detritus. The
greater refuge value of Spartina detritus relative to Avicennia
detritus for crabs is also evident from observations of crab
behavior during sample processing. Crabs took refuge inside
both natural and mimic Spartina detritus, and we had to slice
open natural and mimic detritus tubes to extract the crabs. In
comparison, we easily displaced crabs from the other treatments with seawater. Thus, the increased structural value and
persistence of Spartina detritus relative to Avicennia detritus
likely drives this pattern of increased crab abundance.
It is unclear why crabs were the only taxa to respond to
detritus identity. In our experiments, crabs represented 21%
of all individuals observed in the regional scale experiment
(experiment 1) and 74% of all individuals observed at our
single mixed site in the local scale experiment (experiment
2). Thus, due to their high relative abundance (especially
in experiment 2), crabs provide the best resolution of any
taxonomic group for detecting significant treatment effects
(Supplementary material Appendix 1 Fig. A5). The high and
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differential abundance of crabs in Spartina detritus is also
biologically important, and crabs have influential functional
roles in these ecosystems (Bertness 1985, Lee 1998). In salt
marsh ecosystems, marsh crabs (e.g. Uca spp., A. cinereum)
are dominant, highly connected species with high food web
importance relative to other species (McCann et al. 2017).
Although Uca spp. are detritivorous (Haines 1976), A. cinereum is omnivorous and is known to consume various other
epifaunal species (Buck et al. 2003). In general, the crabs
in our study were <2 cm in carapace width, which suggests
that detritus is primarily harboring juvenile and female
crabs. Marsh crabs hide from xanthid crab predators (e.g.
Eurytium limosum, Panopeus herbstii) in the structure of salt
marsh habitat (Lee and Kneib 1994), and Spartina detritus likely acts as an additional refuge from these predators.
Structural refuge decreases predator capture efficiency in
these environments (Vince et al. 1976, Gotceitas and Colgan
1989, Lewis and Eby 2002), and decreased structural refuge
availability in expanded habitats could have further cascading effects on multiple trophic levels (Grabowski 2004,
Byers et al. 2017) – for example, for nekton that have distinct habitat preferences between mangrove and salt marsh
habitats (Caudill 2005, Smee et al. 2017). Replacement of
Spartina by Avicennia could deprive dominant crab species
of preferred salt marsh habitat and essential detritus structural refuge or facilitate novel competitor species, such as the
mangrove tree crab, Aratus pisonii, which is already expanding into salt marshes ahead of the mangrove expansion front
(Riley et al. 2014).
These detrital effects were consistent at regional and local
scales and did not vary with habitat context. For both detritus types, epifaunal community abundance and taxonomic
richness increased with latitude across a regional expansion
gradient from south (pure mangrove) to north (pure salt
marsh) (Fig. 2a–b), and crab, annelid, snail and ostracod
taxa drove this pattern (Supplementary material Appendix 1

Fig. A3, Table A4). However, aside from crabs, taxa abundances were roughly equivalent for Spartina and Avicennia
detritus. The overall observed northward increase in epifaunal community abundance is contrary to our hypothesis that
species abundance and richness would be greatest in the central region, where mixed assemblages of both salt marsh and
mangrove species provide heightened habitat heterogeneity
relative to pure vegetation stands. Although habitat heterogeneity is correlated with increased species abundance and
diversity in many systems (Kerr and Packer 1997, Tews et al.
2004, Stein et al. 2014), it is likely that additional environmental factors influenced the observed regional pattern,
especially since we made our observations across a 5° latitudinal gradient. The observed pattern also contradicts classic
latitudinal diversity gradient patterns that predict that species
diversity and abundance should be greater at lower latitudes
(Willig et al. 2003, Hillebrand 2004), although it is possible
that our taxonomic resolution was not high enough to capture true diversity differences across the gradient or that our
latitudinal range was too small to resolve true biogeographic
trends. Latitudinal gradients in abundance and diversity are
often correlated with gradients of other abiotic variables such
as temperature, precipitation, or insolation (Rohde 1992,
Hawkins et al. 2003). In this case, an important abiotic
factor that could influence community patterns is the fact
that our sites span the South Atlantic Bight, which exhibits
an extreme gradient in tidal amplitude (Dame et al. 2000,
Byers et al. 2015). At the southern mangrove sites, the tidal
range is substantially lower (1 m) than at the northern salt
marsh sites (3 m) (NOAA 2018), which could affect community composition by increasing nutrient loading or propagule
delivery in northern areas with larger tidal ranges (Childers
1994, Schoch et al. 2006).
At a local scale, we did not see a difference in community
composition based on surrounding habitat type (mangrove,
salt marsh) at a single, mixed site where latitude and tidal
elevation were fixed (Fig. 3, Supplementary material Appendix
1 Table A4, Fig. A4). Thus, the observed regional abundance
patterns are not likely due to underlying differences in the
identity of surrounding habitat. This result contrasts with
other studies that show local scale differences in epifaunal
invertebrate abundance based on surrounding vegetation
type (Angradi et al. 2001, Wang et al. 2008, Chen et al.
2015). In our study, overall epifaunal abundance was low at
the local scale, which could have prevented us from detecting
differences in abundance between habitats (Supplementary
material Appendix 1 Fig. A5). However, our epifaunal abundances are comparable to other studies in salt marsh habitats
(Reice and Stiven 1983, Netto and Lana 1999, Chen et al.
2015), with some exceptions (Angradi et al. 2001). The fact
that we did not see significant effects of local surrounding
habitat context or regional habitat heterogeneity on community abundance and richness suggests that other large-scale
environmental factors (e.g. temperature, tidal amplitude) that
vary across latitude could drive observed regional community
patterns.

To our knowledge, our regional study is the first documentation of epifaunal detrital communities in this area, and
we provide a valuable and robust baseline data set of epifaunal community composition for the Atlantic coast of Florida
and Georgia. The range limit of black mangrove A. germinans, is predicted to continue moving northward at a rate
of 2.2–3.2 km year−1 over the next 50 years (Cavanaugh et al.
2015). By characterizing communities in uninvaded salt
marsh habitat, our data can be used for future comparisons
following predicted mangrove expansion and environmental
change in these areas.
In summary, our work highlights that shifts in foundation species distributions can lead to accompanying changes
in ecosystem processes and community composition based
on specific foundation species traits. We showed that differences in detrital attributes between the expanding foundation
species, A. germinans, and the resident foundation species,
S. alterniflora, altered epifaunal community composition
and ecosystem processes, which suggests that these detrital
resources are non-substitutable. Crabs, a dominant and functionally important taxonomic group in these communities,
were significantly more abundant in Spartina detritus compared to Avicennia detritus across all habitats at both regional
and local scales. This pattern is strongly tied to the structural
attributes of Spartina detritus. As mangroves expand into salt
marshes, shifts in detritus decomposition rate and structural
value could lead to accompanying shifts in crab abundance
and community dominance. We also observed a pattern of
increasing community abundance and richness from south
to north across the mangrove expansion gradient, yet neither
regional habitat heterogeneity nor local surrounding habitat
identity had strong effects on overall epifaunal community
composition. Instead, these findings point to the important
role of covarying latitudinal factors in driving community
patterns during climate-driven range expansions. Studies
of ecosystem and community effects of shifting foundation
species are essential to understand whether expanding foundation species can provide substitutable ecosystem and community functions relative to resident species. However, it is
also important to account for the role of concomitant environmental changes that also directly alter community and
ecosystem processes.
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