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1. INTRODUCTION

In the northern Gulf of Mexico, black mangroves 
Avicennia germinans (hereafter ‘Avicennia’) are 
expanding into smooth cordgrass Spartina alterni-
flora (also known as Sporobolus alterniflorus; hereaf-

ter ‘Spartina’) dominated salt marshes. While spurred 
by natural processes (e.g. Earth eccentricity, obliq-
uity, and precession), this poleward expansion is 
accelerated by anthropogenic climate warming 
(Rodrigues et al. 2021) and the resulting decreased 
frequency of extreme freeze events (Osland et al. 
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2013, Cavanaugh et al. 2014, Osland et al. 2020). 
Southeastern Louisiana is near the northern limit of 
this expansion and includes nearly 40% of all salt 
marshes in the contiguous USA (Day et al. 2012). 
Avicennia outcompetes Spartina in the northern 
hemisphere (Guo et al. 2013, Osland et al. 2013), so an 
eventual shift in dominant wetland macrophyte is 
likely. Given their differences in morphology (i.e. 
shrub-like tree vs. grass), this shift could significantly 
affect ecosystem structure and function in this region 
(Osland et al. 2013, Cavanaugh et al. 2014, Smee et al. 
2017, Scheffel et al. 2018). 

Mangroves provide increased storm protection 
(Comeaux et al. 2012) while matching the ability of 
Spartina to mitigate sea level rise (McKee & Vervaeke 
2018) and store carbon (Yando et al. 2016). Yet, little is 
known about the food web consequences of a tran-
sition from salt marsh to mangrove habitat. Salt marsh 
food web energy pathways are complex, as Spartina 
can be a significant basal energy source on its own 
(Winemiller et al. 2007) or in combination with phyto-
plankton, epiphytic macroalgae, and/or microphyto-
benthos (hereafter ‘algae’; Currin et al. 1995, 
Abrantes et al. 2015). There is growing evidence of 
the importance of algae for provisioning energy to 
salt marsh food webs (e.g. Alderson et al. 2013, Baker 
et al. 2021), but the relative importance of Spartina 
versus algae varies by site and consumer species 
(Deegan & Garritt 1997, Deegan et al. 2002, Abrantes 
et al. 2015). In contrast, mangrove carbon inputs to 
tropical mangrove forest food webs are often mini-
mal, with algae consistently serving as the most criti-
cal basal energy source for consumers (Alfaro 2008, 
Henriques et al. 2021, Harada et al. 2022). In addition 
to directly provisioning energy, Spartina facilitates 
the presence of other crucial basal energy sources by 
contributing detritus to soil organic matter (SOM; 
Haines 1976), outwelling nitrogen to phytoplankton 
(Whiting et al. 1989, Fry 2006), and providing a sub-
strate for epiphytic macroalgal growth (Sullivan 
1982). Because the capacity of Avicennia to provide 
these same functions is unknown, replacing Spartina 
with Avicennia could directly and/or indirectly affect 
energy pathways in salt marsh food webs. 

Previous studies investigating the food web effects 
of this shift in the southeastern USA have used bulk-
tissue stable isotope analysis (SIA) and isotopic mix-
ing models to quantify basal energy pathways sup-
porting consumers. For instance, along the eastern 
Florida coast, algae contributions to consumers in 
coastal wetlands exceed both Spartina and mangrove 
contributions regardless of which macrophyte is 
dominant; however, detrital pathway-associated spe-

cies (e.g. fiddler crabs [Uca spp.], grass shrimp 
[Palaemonetes spp.], and mullet Mugil cephalus) 
demonstrate some reliance on Spartina energy, when 
present (Baker et al. 2021). Similarly, in southeastern 
Louisiana, algal production (i.e. phytoplankton/par-
ticulate organic matter and epiphytic macroalgae) is 
the primary energetic support for nektonic species in 
coastal wetland food webs, irrespective of macro-
phyte dominance patterns (Nelson et al. 2019). 
Importantly, Spartina contributes to these food webs 
in southeastern Louisiana, but Avicennia does not. 
While Nelson et al. (2019) focused exclusively on salt 
marsh nekton and extensively on transient species 
(i.e. those that only spend a portion of their life cycle 
within the marsh complex), deposit-feeding and/or 
resident species (i.e. those that spend their entire life 
cycle within the marsh complex) may have a greater 
sensitivity to Avicennia expansion (Guest & Connolly 
2005). 

Many salt marsh residents exhibit diverse foraging 
strategies, including nektonic grazers, like grass 
shrimp (Palaemonetes spp.), and epibenthic deposit 
feeders, like marsh periwinkle snails Littoraria irro-
rata (hereafter ‘periwinkles’). Both of these species 
can be detrital pathway-associated (Welsh 1975, Tre-
plin et al. 2013) and prey for important fisheries spe-
cies (e.g. red drum Sciaenops ocellatus and blue crab 
Callinectes sapidus; Anderson 1985, McQuaid 1996). 
Grass shrimp primarily graze on epiphytic microalgae 
and meiofauna growing on Spartina stems (Gregg & 
Fleeger 1998, Fleeger et al. 1999) and, as nekton, have 
high mobility across salt marsh sub-habitats (Kneib 
2002). Periwinkles are Spartina-detritus specialists 
(Silliman & Newell 2003, Sieg et al. 2013), extensively 
graze marsh sediment (Alexander 1979), and have 
narrow home ranges restricted to the marsh platform 
(Vaughn & Fisher 1992). Given the potential vulner-
ability of salt marsh residents following a loss of Spar-
tina in southeastern Louisiana, the food web effects of 
Avicennia expansion on these consumers is an impor-
tant aspect to fully assess. 

Bulk-tissue SIA can be a valuable tool for estimat-
ing basal energy source contributions to salt marsh 
consumers, but it has several limitations. Tissue 
values of consumers can be influenced by internal 
bio synthesis, obscuring true basal energy source 
values, and the relative contributions of terrestrial 
and aquatic energy sources can also be difficult to 
distinguish (Johnson et al. 2019). As such, isotopic 
mixing models using bulk-tissue SIA often have high 
degrees of posterior overlap, making it difficult to 
fully tease apart the importance of different energy 
sources (e.g. Baker et al. 2021). Compound-specific 
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stable isotope analysis (CSIA) measures the stable 
isotope ratios of individual molecules (e.g. amino 
acids, CSIA-AA). CSIA-AA applied to essential amino 
acids (EAAs) can help reduce the confounding effect 
of internal biosynthesis and provides more axes of 
variation to discriminate basal energy sources, par-
ticularly improving the distinction between dominant 
macrophytes and algae (Johnson et al. 2019). Yet, 
CSIA-AA is costly, so determining how much more 
interpretive power it provides relative to bulk-tissue 
SIA is worthwhile. 

The purpose of this study was to explore the food 
web effects of Avicennia expansion into Spartina-
dominated salt marshes in southeastern Louisiana. 
We aimed to determine if changes in the dominant 
macrophyte alter SOM and/or the basal energy path-
ways supporting resident salt marsh consumers. Our 
specific objectives were to use SIA to determine the 
relative contribution of basal energy sources to (1) 
SOM and (2) resident salt marsh consumers (grass 
shrimp and periwinkles) in Spartina-dominated, 
mixed, and Avicennia-dominated wetland habitat. 
We then aimed to (3) compare the effectiveness of 
bulk-tissue SIA and CSIA-AA in estimating basal 
energy source contributions to these 2 consumers 
along this Spartina–Avicennia habitat gradient. We 
expected that the basal carbon composition of SOM 
across habitats would reflect macrophyte abundance 
and that basal energy sources supporting grass 
shrimp food webs would agree with previous findings 
(i.e. high reliance on labile algae across habitats; 
 Nelson et al. 2019). In contrast, we expected that 
basal energy sources supporting periwinkle food 
webs would shift in response to changing macro-
phyte dominance due to a close association with 
Spartina, deposit-feeding strategy, and limited mobil-
ity. Last, we expected that CSIA-AA would provide a 
more precise (i.e. less variable and more differenti-
ated across sources) assessment of consumers’ basal 
energy source use in all species and habitats, similar 
to a recent study of another common saltmarsh spe-
cies, the seaside sparrow Ammodramus maritimus 
(Johnson et al. 2019). 

2.  MATERIALS AND METHODS 

2.1.  Study site 

This study focused on back barrier saline marshes 
of Grand Isle, Louisiana, located within the western-
most portion of Barataria Basin in southeastern Lou-
isiana (Fig. 1). Barataria Basin lies within the Missis-

sippi River Deltaic Plain, but direct riverine inputs 
are minimal due to the channelization of the Missis-
sippi River (Alexander et al. 2012). The Basin is sep-
arated from the Gulf of Mexico by a series of barrier 
islands, and its saline wetlands primarily consist of 
Spartina-dominated salt marshes. Avicennia has 
been observed in the Basin since the early 1700s but 
has increased in prevalence over time (Osland et al. 
2020). It currently co-exists within saline marshes, 
interspersed with Spartina, forming a mosaic of 
Spartina-dominated patches, mixed patches, and 
Avicennia-dominated patches (Rodrigues et al. 
2021). As a microtidal system, climatological factors 
(e.g. wind, precipitation) predominantly influence 
Basin hydrology and salinity (Childers et al. 1990, 
Conner & Day 1987). 

2.2.  Sample collection 

We collected samples on 23 May 2015, from 
3  adjacent wetland sites representing Spartina-
 dominated (29.2294° N, 90.0086° W), mixed 
(29.2288° N, 90.0142° W), and Avicennia-dominated 
habitat (29.2286° N, 90.0133° W; hereafter marsh, 
mixed, and mangrove habitat, respectively; Fig. 1). 
During the year of sample collection, salinity in 
the study area ranged from 3.43 to 26.62, with an aver-
age and standard deviation (SD) of 15.43 ± 5.30, and 
water temperature ranged from 6.75 to 35.18°C, 
with an average and SD of 23.34 ± 6.42°C (Station 
CRMS0178; Coastal Protection and Restoration 
Authority 2015). We initially selected each site area 
based on the spatial coverage and shoreline expanse 
of monoculture or vegetation mixture. Of the total 
vegetation present (i.e. excluding bare sediment), the 
dominant sites had approximately 75% or greater 
coverage by the dominant species, and the mixed site 
had approximately 50% coverage of each. Within 
each site, we collected macrophyte and SOM samples 
from 5 randomly assigned 0.25 m2 plots. These plots 
had approximately 100% coverage of the dominant 
macrophyte in dominant sites and approximately 
50% coverage of each macrophyte in the mixed site. 

Basal energy sources included live Spartina leaves, 
live Avicennia leaves, and a phytoplankton and par-
ticulate organic matter (POM) proxy (ribbed mussels 
Geukensia demissa; Post 2002), collected by hand 
(see Table 1). We collected SOM using a small push 
core (3 cm diameter, 5 cm length) immediately adja-
cent to or beneath plants. We collected grass shrimp 
(n = 30) and periwinkles (n = 30) by dip net and by 
hand, respectively. All samples were analyzed for 
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bulk-tissue δ13C and δ15N values, and a subset was 
analyzed for CSIA-AA δ13C values (see Table 2). 

To supplement these collections, we compiled pub-
lished data sets for epiphytic macroalgae collected in 
lower Barataria Bay. Specifically, we gathered bulk-
tissue δ13C and δ15N values reported by Nelson et al. 
(2019) for epiphytic macroalgae collected from macro-

phyte stems and roots by physically removing material 
near Port Fourchon, Louisiana (29.10° N, 90.19° W) in 
August–September 2016. We also ob tained CSIA-AA 
δ13C, % carbon, and % nitrogen values reported by 
Moyo et al. (2020) for epiphytic macroalgae collected 
from macrophyte stems near Port Sulphur, Louisiana 
(29.5155° N, 89.7880° W) in May 2016. 
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Fig. 1. Location of (A) Spartina-dominated (marsh), (B) mixed, and (C) Avicennia-dominated (mangrove) sites on (D) Grand Isle,  
Louisiana, USA. Created using ArcGIS software (Esri). Photographs by Melissa M. Baustian
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2.3.  Sample processing 

We dried plant and SOM samples in an oven at 60°C 
for 48 h and then removed roots and other large pieces 
of vegetation from the SOM. We dissected mussel, 
grass shrimp, and periwinkle specimens to isolate mus-
cle tissue, which was lyophilized for 24 h. All samples 
were ground into a homogenized powder using a ball 
mill (Crescent Wig-L-Bug, DENTSPLY Rinn) for plants 
and a mortar and pestle for SOM and muscle tissue. 
We extracted lipid from muscle samples using a 2:1 
chloroform:methanol solution following a modification 
of Kim & Koch (2012) that did not include rinsing with 
deionized water, as this step is used to remove uric acid 
that is unique to elasmobranch samples. 

2.4.  Bulk-tissue SIA 

We weighed approximately 4 mg of each plant sam-
ple, 10–40 mg of each SOM sample, and 0.5–0.7 mg of 
each muscle sample into tin capsules for bulk-tissue 
δ13C and δ15N analysis. We then flash-combusted these 
samples using an ECS4010 elemental analyzer (Cos-
tech) coupled to a Delta Plus XP (Thermo-Fisher Sci-
entific) continuous-flow isotope ratio mass spectro -
meter (IRMS) to measure carbon and nitrogen stable 
isotope abundances at Louisiana State University 
(Baton Rouge, Louisiana, USA). We used glutamic acid 
(USGS-40 and USGS-41), sorghum flour (SKU B2158, 
EA Consumables), and wheat flour (SKU B2156, EA 
Consumables) certified reference materials to normal-
ize raw stable isotope values on a 2-point scale. Stable 
isotope abundances were expressed in delta notation 
(δ) and per mil units (‰) using the following equation, 
where X is 13C or 15N and R is the respective atomic 
ratio of heavy to light isotopes (i.e. 13C:12C or 15N:14N): 

                     (1) 

Rstandard values were derived from Vienna PeeDee 
Belemnite for δ13C and atmospheric nitrogen gas for 
δ15N. Sample precision was 0.1‰ for δ13C and 0.2‰ 
for δ15N based on repeated reference materials. 

2.5.  CSIA 

We weighed approximately 30 ± 0.025 mg of each 
plant sample and 2 ± 0.025 mg of each muscle sample 
into 4.0 ml glass vials for CSIA-AA δ13C of the 5 EAAs 
detectable with our instrumentation: isoleucine (Ile), 
leucine (Leu), phenylalanine (Phe), threonine (Thr), 

and valine (Val). Before CSIA-AA, we acid-hydro-
lyzed samples in 6N HCl (2 ml for plants, 1 ml for 
muscle), flushed with nitrogen gas, at 110°C for 20 h 
to break proteins into individual amino acids. Follow-
ing hydrolysis, we dried samples at 65°C under a 
stream of nitrogen gas. To remove excess particu-
lates, we columned plant samples using a Dowex 
50WX8-400 cation exchange resin following Metges 
et al. (1996). Immediately preceding analysis, we vol-
atilized amino acids by resuspending samples in 
100 μl of L-norleucine solution and derivatizing them 
with a methyl chloroformate-based method, follow-
ing Walsh et al. (2014). 

We injected CSIA-AA samples in splitless mode at 
250°C and separated them on an Agilent J&W VF-23 ms 
column (30 m long, 0.25 mm outer diameter, 0.25 mm 
film thickness) in a Trace 1310 GC gas chroma to graph 
(Thermo-Fisher Scientific). We combusted separated 
amino acids at 1000°C and measured them for isotope 
abundances using a Delta V Advantage IRMS (Thermo-
Fisher Scientific). We used L-norleucine as an internal 
standard to calculate provisional values for each sam-
ple. Raw values reported in delta notation (δ) and per 
mil units (‰) were corrected for non-analyte carbon 
and kinetic isotope effects using a reference material 
with amino acids of known isotopic value (L-AA mix; 
Docherty et al. 2001). We measured this reference ma-
terial at a range of concentrations to allow for linearity 
corrections using a linear model (Werner & Brand 2001, 
Reinnicke et al. 2012) and after every fourth injection to 
allow for drift corrections using a logarithmic model 
(Werner & Brand 2001, Reinnicke et al. 2012). We in-
cluded 3 additional internal standard reference ma-
terials (D-AA mix, Atlantic cod Gadus morhua, and red 
drum Sciaenops ocellatus muscle tissues) for instru-
ment precision quality assurance. Sample precision 
 across all 5 EAAs was ±0.21‰ for δ13C. 

2.6.  SOM bulk-tissue mixing models 

To assess if SOM composition differs with changes 
in dominant macrophytes, we first used ANOVA fol-
lowed by Tukey’s honestly significant difference 
(HSD) test to determine if there was a statistically sig-
nificant (p < 0.05) difference in SOM bulk-tissue δ13C 
and δ15N values across habitats. For all ANOVA and 
Tukey’s HSD tests here and below, data and residuals 
were plotted to confirm homogeneity of variance 
and normality in residual distributions. SOM had 
 significantly lower mean δ13C values in mangrove 
habitat than in marsh or mixed habitats (p < 0.05; 
Table 1). We then incorporated bulk-tissue isotope 

   dX = [ Rsample – Rstandard^ h–   1] # 1000
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data into a single-tracer (δ13C) mixing model to esti-
mate the proportional contributions of each basal car-
bon source (Spartina, Avicennia, the POM proxy, and 
epiphytic macroalgae) to SOM from each habitat 
(marsh, mixed, and mangrove) using the ‘simmr’ 
package (Parnell 2021) in R Version 4.0.3 (R Core 
Team 2020). We averaged basal carbon sources 
across sampled habitats and considered all as pos-
sible end members for each SOM sample, even if un -
common in a specific habitat (i.e. Spartina in man-
grove habitats or Avicenna in marsh habitats), due to 
the proximity of sites and high connectivity of estuar-
ine systems, which facilitates organic matter trans-
port from adjacent areas (Fagherazzi et al. 2013). An 
ANOVA with Tukey’s HSD test on basal carbon 
sources indicated that the POM proxy and epiphytic 
macroalgae did not significantly differ in δ13C 
(Table 1), so we combined them into an ‘algae’ source 
a posteriori (Phillips et al. 2014), resulting in 3 basal 
carbon sources for the mixing model. 

We applied a trophic enrichment factor (TEF) of 
zero with a minimal SD (0.3‰) to this model, assum-
ing little to no isotopic fractionation between basal 
carbon sources and SOM (Klink et al. 2022). We 
plotted TEF-adjusted mean basal carbon source bulk-
tissue δ values and all SOM bulk-tissue δ values to 
ensure that sources adequately captured SOM vari-
ability before proceeding with the mixing model 
(Fig. 2A; Phillips et al. 2014). The model generated 4 
Markov chains of 10 000 iterations each, discarded 
the first 1000 iterations as burn-in, and thinned by 10, 
resulting in 3600 total posterior data points for each 
parameter. We evaluated parameter convergence 
using the Gelman-Rubin diagnostic and visualization 
of the posterior predictive distribution (Gelman 
2004). We compared basal carbon source contrib-
utions to SOM within and across habitats using the 
overlap of 95% credible intervals (CIs) and pairwise 
comparisons of the model’s posterior predictive distri-
butions. Specifically, we used the ‘compare_sources’ 
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                                         Species                                       Habitat                   n                 δ13C (‰)          δ15N (‰)               % C                    % N 
 
Basal energy                Saltmarsh cordgrass                Marsh                    5            –13.6 ± 0.5           5.0 ± 0.6        37.6 ± 8.3           1.0 ± 0.3 
 sources                        Spartina alterniflora 
                                                                                               Mixed                    5            –13.3 ± 0.5           5.1 ± 1.0        40.9 ± 0.8           0.9 ± 0.2 
                                                                                                Total                    10           –13.5a ± 0.5         5.1a ± 0.7         39.3 ± 5.8           1.0 ± 0.3 
                                         Black mangrove                       Mixed                    5            –24.9 ± 0.8           3.8 ± 0.7        45.4 ± 0.5           1.6 ± 0.2 
                                         Avicennia germinans 
                                                                                           Mangrove                6            –28.3 ± 2.1        4.05 ± 0.3        42.0 ± 2.3           1.6 ± 0.2 
                                                                                                Total                    11           –26.7b ± 2.4         3.9b ± 0.5         43.6 ± 2.4           1.6 ± 0.2 
                                         Ribbed mussel                          Marsh                    9            –19.9 ± 0.3           9.2 ± 0.3        43.5 ± 0.7         14.3 ± 0.4 
                                         Geukensia demissa – 
                                         POM proxy 
                                                                                               Mixed                   10           –20.4 ± 0.6           8.2 ± 0.3        43.3 ± 0.9         13.8 ± 0.6 
                                                                                                Total                    19           –20.1c ± 0.5         8.7c ± 0.6         43.4 ± 0.8         14.0 ± 0.6 
                                         Epiphytic macroalgae*          Marsh                    4            –19.6 ± 1.9           5.1 ± 0.9                 –                        – 
                                                                                           Mangrove                5            –20.9 ± 1.2           5.4 ± 1.0                 –                        – 
                                                                                                Total                     9            –20.3c ± 1.9         5.3a ± 0.9         24.8 ± 3.5†         2.8 ± 0.6† 

Soil organic matter                                                           Marsh                    5           −17.7d ± 0.9       3.4bd ± 0.5           8.0 ± 1.4           0.6 ± 0.1 
                                                                                               Mixed                    5          −18.4cd ± 0.7         2.6d ± 0.7           8.9 ± 3.0           0.6 ± 0.2 
                                                                                           Mangrove                5           −24.9b ± 1.9       3.7bd ± 0.5           4.0 ± 1.9           0.3 ± 0.1 

Consumers                   Grass shrimp                             Marsh                   10           –17.9 ± 0.8           9.3 ± 0.6        43.5 ± 2.7         13.9 ± 0.8 
                                         (Palaemonetes spp.) 
                                                                                               Mixed                   10           –17.7 ± 1.8           8.9 ± 1.0        44.3 ± 2.7         14.1 ± 0.3 
                                                                                           Mangrove               10           –18.1 ± 1.0          8. 9 ± 0.6        42.7 ± 1.8         13.7 ± 0.6 
                                         Marsh periwinkle snail           Marsh                   10           –13.9 ± 0.6           8.1 ± 0.4        39.3 ± 3.4         11.4 ± 1.6 
                                         Littoraria irrorata 
                                                                                               Mixed                   10           –13.8 ± 0.7           7.8 ± 0.4        42.7 ± 12.3       12.3 ± 3.7 
                                                                                           Mangrove               10           –20.4 ± 0.7           5.4 ± 0.8        39.0 ± 2.7         10.9 ± 1.6

Table 1. Mean ± SD δ13C values, δ15N values, percent carbon (% C), and percent nitrogen (% N) of basal energy sources, soil or-
ganic matter, and consumers. Source values in bold were used in mixing models along with individual consumer estimates. The 
phytoplankton/particulate organic matter (POM) proxy and epiphytic macroalgae were combined a posteriori in the mixing 
models. Sampling limitations prevented the collection of mussels and macroalgae from all 3 habitat types. Superscript letters 
indicate statistically significant (p < 0.05) basal energy source groupings based on Tukey’s honestly significantly difference 
test. *Epiphytic macroalgae values from Nelson et al. (2019). †Epiphytic macroalgae % C and % N from Moyo et al. (2020)
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and ‘compare_groups’ functions (Parnell 2021), re -
spectively, to determine the posterior probability (PP) 
that a given basal carbon source constituted a greater 
proportion of SOM carbon than another source 
within a given habitat, and the PP that a given source 
constituted a greater proportion of SOM in one hab-
itat relative to another habitat. This Bayesian probabi-
listic interpretation approach allows for understand-
ing the magnitude of certainty surrounding an effect 
rather than imposing the binary outcome significance 
or insignificance common to frequentist or other esti-
mation routines. 

2.7.  Consumer bulk-tissue SIA mixing models 

To assess if the basal energy sources supporting 
consumers differ with changes in dominant macro-
phytes, we first used a 2-way ANOVA (with interac-
tion) followed by Tukey’s HSD to evaluate the effect 
of consumer species and habitat on bulk-tissue δ13C 
and δ15N values. There were no significant differ-
ences for grass shrimp across habitats, but periwin-
kles in the mangrove habitat significantly differed 
from those in the marsh and mixed habitats for both 
tracers (p < 0.05; Table 1). We then incorporated 
bulk-tissue stable isotope data into 2-tracer (δ13C and 
δ15N) mixing models (n = 6) to estimate the propor-
tional contributions of each basal energy source 
(Spartina, Avicennia, the POM proxy, epiphytic 
macroalgae) and SOM to each consumer group sep-
arately (grass shrimp and periwinkles from marsh, 
mixed, and mangrove habitats, respectively). We 
averaged basal energy sources as described above, 
but we used habitat-specific SOM δ values, as it was 
collected from all habitats, and isotopic composition 
varied accordingly (Table 1). As with the SOM bulk-
tissue mixing model, we combined the POM proxy 
and epiphytic macroalgae into an ‘algae’ source a 
posteriori. The remaining basal energy sources were 
statistically distinct for at least 1 tracer, except for 
Avicennia and SOM from the mangrove habitat 
(Table 1). Even so, we kept Avicennia and SOM sep-
arate in mangrove habitat models to keep the number 
of basal energy sources consistent across all models. 

We used a base TEF of 0.9 ± 0.3‰ for carbon and 
2.9 ± 0.5‰ for nitrogen following Nelson et al. 
(2019). We then calculated the trophic position of 
grass shrimp (2.48) and periwinkles (2.00) using the 
‘NetIndices’ package in R (Kones et al. 2009), based 
on the diet matrix of McCann et al. (2017). We sub-
sequently multiplied the base TEF by each species’ 
trophic step, the difference between its trophic level 

and the source trophic level, to derive species-spe-
cific TEFs following Hernandez et al. (2021). We 
plotted TEF-adjusted mean basal energy source bulk-
tissue δ values and all consumer bulk-tissue δ values 
to ensure sources adequately captured consumer var-
iability before proceeding with mixing models 
(Fig. 2B,C; Phillips et al. 2014). 

Because SOM is a complex mixture of basal energy 
sources, the contributions of which were estimated 
following the above, we reallocated SOM contrib-
ution to the 3 basal energy sources using the SOM 
mixing model results. Specifically, we reallocated 
SOM proportional estimates for each posterior data 
point using the posterior data points generated in the 
SOM mixing model. This allowed a more direct com-
parison to the CSIA-AA mixing model and more 
directly addressed the study’s goal of determining 
the degree to which Avicennia supports salt marsh 
consumers following habitat transition. Model speci-
fications (i.e. number of chains, iterations, burn-in, 
and thinning) were as described above. Additionally, 
we used the same metrics for evaluating parameter 
convergence (i.e. Gelman-Rubin diagnostic, poste-
rior predictive distribution visualization) and compar-
ing consumer model outputs within and across hab-
itats (i.e. 95% CI overlap, PP pairwise comparisons) as 
described for the SOM model. 

2.8.  Consumer CSIA-AA mixing model 

To determine if CSIA-AA provides a more precise 
assessment of consumers’ use of specific basal energy 
sources, we first used a 2-way ANOVA (with interac-
tion) to assess the effect of consumer species and hab-
itat on EAA δ13C values. There were no significant 
 differences for grass shrimp across habitats, but peri-
winkles in mangrove habitat differed significantly 
from those in marsh and mixed habitats for all tracers 
(p < 0.05; Table 2). We then incorporated CSIA-AA 
data into a 5-tracer (δ13CIle, δ13CLeu, δ13CPhe, δ13CThr, 
and δ13CVal) mixing model to estimate the proportional 
contributions of each basal energy source (Spartina, 
Avicennia, the POM proxy, and epiphytic macroalgae) 
to each consumer group (grass shrimp and periwinkles 
from marsh, mixed, and mangrove habitat). 

A linear discriminant analysis (LDA) indicated that 
all basal energy sources were isotopically distinct in 
multivariate space, with a training classification rate of 
100% and test classification rate of 97%. LD1 ac -
counted for 56% of between-source variance (Fig. S1 
in the Supplement at www.int-res.com/articles/suppl/
m729p081_supp.pdf). Even so, we similarly combined 
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the POM proxy and epiphytic macroalgae into an 
‘algae’ source a posteriori to match the bulk-tissue 
mixing models. We then used principal component 
analysis to visualize basal energy source and con-
sumer EAA δ13C values to ensure that source values 
fully encapsulated the range of consumer values 
before applying mixing models (Fig. 2D; Phillips et al. 
2014). The first principal component (PC) explained 
85.18% of the variation, and all EAA δ13C loadings on 
this PC were positive. All basal energy sources were 
separated, and all consumers fell within their range 
(Table 2). 

We applied a minimal TEF for both consumer spe-
cies (0.1 ± 0.1‰), as only EAAs were used (McMahon 
et al. 2010). Model specifications (i.e. number of 
chains, iterations, burn-in, and thinning) were as 
described for the SOM model. Additionally, we used 
the same metrics for evaluating parameter conver-
gence (i.e. Gelman-Rubin diagnostic, posterior pre-
dictive distribution) and comparing model outputs 
within and across habitats (i.e. 95% CI overlap, PP 
pairwise comparisons) as described for the SOM and 
bulk-tissue consumer models. We then compared 
consumer bulk-tissue and CSIA-AA model output 
95% CI to evaluate if the results agreed and if CSIA-
AA improved estimate precision. 

3.  RESULTS 

3.1.  SOM mixing model 

When comparing within habitats, we found that 
Spartina and algae were the dominant basal carbon 
sources contributing to SOM in marsh and mixed 
habitats (~38–46 and ~43–50%, respectively, Table 3, 
Fig. 3). While predicted 95% CI overlapped among 
Spartina and algae (Table 3), pairwise comparisons 
indicated that carbon from Spartina comprised a 
greater proportion of SOM relative to carbon from 
Avicennia (~11–12%) within both marsh (PP = 99.4%) 
and mixed (PP = 98.6%) habitats (Table S1). In con-
trast, Avicennia replaced Spartina as a dominant car-
bon source to SOM in mangrove habitats (~62 and 
~8%, respectively, PP = 97.2%). In marsh and man-
grove habitats, predicted algae carbon contributions 
to SOM (~43 and ~29%, respectively) were higher 
than those of the non-dominant macrophyte (~11 and 
~8%, respectively, Table 3, Fig. 3); however, the cer-
tainty of the former was slightly lower than that of the 
latter (PP = 89.2 vs. 90.4%). 

We also found differences in the relative impor-
tance of specific basal carbon sources to SOM when 
comparing across habitats (Table 3, Fig. 3). Specifi-
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                             Species                                Habitat            n        δ13CIle (‰)     δ13CLeu (‰)      δ13CPhe (‰)       δ13CThr (‰)       δ13CVal (‰) 
 
Basal energy    Saltmarsh cordgrass         Marsh             3       –13.1 ± 0.8    –22.9 ± 0.1     –15.9 ± 0.8        –4.4 ± 1.4      –17.9 ± 0.6 
 sources            Spartina alterniflora 
                                                                             Mixed             3       –12.3 ± 1.5    –22.7 ± 1.2     –16.5 ± 1.9        –3.5 ± 3.7      –18.9 ± 0.8 
                                                                              Total              6        –12.7 ± 1.1      –22.8 ± 0.7      –16.2 ± 1.3          –3.9 ± 2.5        –18.4 ± 0.8 
                             Black mangrove                Mixed             3       –21.2 ± 2.0    –32.0 ± 2.3     –23.9 ± 3.4      –11.8 ± 1.7      –29.1 ± 1.7 
                             Avicennia germinans 
                                                                         Mangrove         4       –24.5 ± 1.2    –35.4 ± 1.8     –26.0 ± 1.7      –12.0 ± 0.7      –31.4 ± 1.9 
                                                                              Total              6        –23.1 ± 2.2      –34.0 ± 2.6      –25.1 ± 2.6        –11.9 ± 1.1        –30.4 ± 2.0 
                             Ribbed mussel                    Marsh             6       –19.5 ± 1.0    –27.7 ± 0.6     –26.8 ± 0.9      –14.8 ± 1.0      –25.1 ± 0.9 
                             Geukensia demissa – 
                             POM proxy 
                                                                             Mixed             7       –20.2 ± 1.0    –28.0 ± 0.5     –26.9 ± 0.8      –14.4 ± 1.2      –25.8 ± 0.7 
                                                                              Total             13       –19.9 ± 1.0      –27.8 ± 0.5      –26.8 ± 0.8        –14.6 ± 1.1        –25.5 ± 0.8 
                             Epiphytic macroalgae*    Marsh             5        –23.3 ± 0.7      –30.6 ± 0.9      –29.5 ± 1.3        –17.9 ± 1.1        –28.8 ± 1.7 

Consumers       Grass shrimp                       Marsh             6       –21.7 ± 1.8    –28.2 ± 1.1     –26.4 ± 0.6      –11.4 ± 0.9      –25.5 ± 1.0 
                             (Palaemonetes spp.) 
                                                                            Mixed             6       –21.7 ± 2.1    –28.2 ± 2.4     –26.5 ± 2.2      –12.3 ± 3.2      –25.2 ± 2.8 
                                                                         Mangrove         7       –20.2 ± 0.9    –27.3 ± 1.5     –25.4 ± 1.2      –10.8 ± 1.8      –24.3 ± 1.8 
                             Marsh periwinkle snail 
                             Littoraria irrorata              Marsh             6       –16.0 ± 0.8    –22.9 ± 1.3     –21.3 ± 1.2      –10.3 ± 0.9      –19.9 ± 1.2 
                                                                            Mixed             6       –16.2 ± 0.9    –23.1 ± 0.6     –21.5 ± 0.5        –9.5 ± 1.3      –20.5 ± 0.7 
                                                                         Mangrove         6       –22.9 ± 1.6    –29.6 ± 1.0     –27.3 ± 0.6      –17.2 ± 1.3      –27.4 ± 1.2

Table 2. Mean ± SD δ13C values for 5 essential amino acids, namely isoleucine (Ile), leucine (Leu), phenylalanine (Phe), threon-
ine (Thr), and valine (Val), of basal energy sources and consumers. Source values in bold were used in the mixing model along 
with individual consumer estimates. The phytoplankton/particulate organic matter (POM) proxy and epiphytic macroalgae  

were combined a posteriori in the model. *Epiphytic macroalgae values from Moyo et al. (2020)
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cally, pairwise comparisons indicated that Spartina 
provided more carbon to SOM in marsh (PP = 97.8%) 
and mixed (PP = 99.1%) habitats relative to SOM in 
mangrove habitats (Table S2). In addition, Avicennia 
carbon contributed more to SOM in mangrove hab-
itats than it did to SOM in marsh (PP = 97.7%) or 
mixed (PP = 97.5%) habitats (Table S2). Despite the 
high uncertainty (i.e. large 95% CI) of algal carbon 
contributions to SOM, estimates remain consistent 
across habitats (Table 3, Fig. 3). 

3.2.  Grass shrimp mixing models 

The bulk-tissue SIA models suggested that Spartina 
(~36–40%) and algae (~42–46%) are the dominant 

basal energy sources supporting grass shrimp food 
webs within both marsh and mixed habitats (Table 3, 
Fig. 3). While there is high overlap in bulk-tissue SIA 
model output 95% CIs between Spartina and algae 
(Table 3), pairwise analyses indicated that both con-
tribute more than Avicennia (~18%) to grass shrimp 
food webs in marsh habitat (PP ≥ 99.8%) and Spartina 
also contributes more than Avicennia (~17%) in 
mixed habitat (PP = 98.4%; Table S1). In contrast, the 
bulk-tissue SIA model-predicted contributions of all 
energy sources to grass shrimp food webs in man-
grove habitats broadly overlapped (Table 3; Table S1). 
The CSIA-AA model agreed that algal sources pro-
vide more energy than Avicennia within marsh and 
mixed habitats (PP ≥ 97.4%; Table 3, Fig. 3) and 
revealed that algae are the dominant basal energy 
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Fig. 2. Isotope values incorporated for (A) soil organic matter (SOM), (B) grass shrimp (Palaemonetes spp.), and (C) marsh peri-
winkle snail Littoraria irrorata bulk-tissue stable isotope mixing models. Basal energy sources are plotted as trophic enrich-
ment factor-adjusted means and SD and SOM/consumers are plotted as individual points. (D) Principal components 1 and 2 
of principal component analysis on essential amino acid δ13C values incorporated in the compound-specific stable isotope 
 mixing model. Basal energy sources are plotted as 95% ellipses, and consumers are plotted as individual points. For all plots, 
colors represent basal energy sources, SOM, and marsh residents, and shapes represent habitats. ‘Algae’ represents the  

phytoplankton/particulate organic matter proxy and epiphytic macroalgae combined a posteriori



Mar Ecol Prog Ser 729: 81–97, 2024

source for grass shrimp food webs within all habitats 
(~69–79%, PP ≥ 97.4%; Table 3, Fig. 3; Table S1). 

When comparing individual basal energy source 
contributions across habitats, the bulk-tissue SIA and 
CSIA-AA models showed that Spartina and algae 
energetic inputs to grass shrimp food webs did not 
change across habitats (Table 3, Fig. 3; Table S2). The 
bulk-tissue SIA models indicated that Avicennia con-
tribution is greatest to grass shrimp food webs in man-
grove habitat (PP > 92%; Table S2), but the CSIA-AA 
model estimates of Avicennia contribution did not 
change across habitats (Table 3; Table S2). Nearly all 
grass shrimp CSIA-AA model output CI ranges were 
narrower than those produced by the bulk-tissue SIA 
models (Table 3). 

3.3.  Periwinkle mixing models 

Within habitats, the bulk-tissue SIA and CSIA-AA 
models both showed that Spartina was the dominant 
energy source supporting periwinkle food webs in 
marsh and mixed habitats (bulk-tissue SIA: ~80%, 
CSIA-AA: ~54–55%, PPbulk-tissue SIA = 100%, PPCSIA-AA > 
96%; Table 3, Fig. 3; Table S1). Additionally, algal 
sources were secondary in energetic importance 
(PPbulk-tissue SIA > 97%, PPCSIA-AA > 99%), but the CSIA-
AA model estimated higher algae energy inputs within 
marsh and mixed habitats than the bulk-tissue SIA 
models (~41–42 vs. ~15–16%, respectively, Table 3, 
Fig. 3). Within mangrove habitat, the bulk-tissue SIA 

models indicated that Spartina became the least con-
tributing energy source to the periwinkle food web 
(~13%, PP > 93%), replaced by both Avicennia (~32%) 
and algae (~53%) contributions (Table 3; Table S1). The 
CSIA-AA model agreed that Spartina energy contrib-
utions diminished (~5%) and revealed that algae be-
came the dominant energy source to the periwinkle 
food web in mangrove habitat (~85%, PP = 100%). 
Avicennia contributed minimally to periwinkle food 
webs (~9%), based on CSIA-AA model predictions. 

Across habitats, the bulk-tissue SIA and CSIA-AA 
models revealed that Spartina energy inputs to peri-
winkle food webs were lowest in mangrove habitat 
(PP = 100%), and algae inputs were highest in man-
grove habitat (PP = 97.3%) relative to marsh and 
mixed habitats (Table 3, Fig. 3; Table S2). The bulk-
tissue SIA models indicated that Avicennia contrib-
uted most to periwinkle food webs in mangrove hab-
itat relative to marsh and mixed habitats (PP > 99%; 
Table S2), but the CSIA-AA model output pairwise 
comparisons were less certain (PP > 81%; Table 3; 
Table S2). As with grass shrimp, nearly all periwinkle 
CSIA-AA model output CI ranges were narrower than 
those from bulk-tissue SIA models (Table 3). 

4.  DISCUSSION 

We examined how shifts in the dominant macro-
phyte from Spartina to Avicennia in salt marshes af-
fected the composition of basal carbon sources found 
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Method                      Group                       Habitat           Spartina                        Avicennia                         Algae 
                                                                                                Median (%)   95% CI           Median (%)   95% CI          Median (%)   95% CI 
 
Bulk-tissue SIA        SOM                         Marsh                   46             20–66                    11              2–27                     43             11–73 
                                                                         Mixed                   38             15–59                    12              2–29                     50             15–79 
                                                                     Mangrove                8               1–28                     62             14–86                   29              7–74 
                              Grass shrimp                  Marsh                   40             21–55                    18              6–33                     42             16–70 
                                                                         Mixed                   36             14–55                    17              4–35                     46             14–80 
                                                                     Mangrove               38             15–54                    38             14–59                   23              7–64 
                     Marsh periwinkle snail        Marsh                   80             69–87                     4                2–9                      16              7–28 
                                                                         Mixed                   80             66–89                     5               2–10                     15              5–29 
                                                                     Mangrove               13              3–33                     32             11–60                   53             17–85 
CSIA-AA             Grass shrimp                  Marsh                   12              3–27                      9               2–27                     79             50–92 
                                                                         Mixed                   11              2–25                     14              2–45                     73             43–92 
                                                                     Mangrove               18              8–29                     12              2–31                     69             48–86 
                     Marsh periwinkle snail        Marsh                   55             47–63                     4               1–13                     41             29–49 
                                                                         Mixed                   54             48–61                     4               1–11                     42             33–49 
                                                                     Mangrove                5               1–12                      9               2–21                     85             74–93

Table 3. Median and 95% credible intervals (CI) for the percent contribution of each basal energy source to soil organic matter 
(SOM) and consumers in marsh, mixed, and mangrove habitat based on bulk-tissue stable isotope analysis (SIA) and com-
pound-specific SIA-amino acid (CSIA-AA) data. ‘Algae’ includes a phytoplankton/particulate organic matter proxy and epi-
phytic macroalgae combined a posteriori. SOM contributions to aquatic consumers in the bulk models were re-allocated to the  

other sources based on the SOM mixing model estimates
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in SOM and the relative importance of specific basal 
energy pathways to the food webs supporting 2 com-
mon salt marsh resident consumers. Consistent with 
our hypotheses, we found that the composition of 
basal carbon sources contributing to SOM across 
marsh, mixed, and mangrove habitats broadly re-
flected the transition in dominant macrophyte. In con-
trast, the basal energy pathways supporting a nektonic 
grazing consumer (grass shrimp) did not vary across 
habitats, but those supporting an epibenthic deposit-
feeding consumer (periwinkle) did shift along the 
marsh to mangrove habitat transition. While results 

using bulk-tissue SIA and CSIA-AA broadly agreed on 
the patterns of basal energy pathway reliance across 
habitats, CSIA-AA was able to provide more precise 
estimates (i.e. narrower CIs) and clarify the relative 
importance of specific basal energy pathways, such as 
algal carbon, to salt marsh consumers. 

4.1.  SOM 

The relative composition of basal carbon sources 
contributing to SOM shifted when transitioning from 
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Fig. 3. Estimated basal energy source contributions to (A–C) soil organic matter, (D–F) grass shrimp (Palaemonetes spp.), and 
(G–I) marsh periwinkle snails Littoraria irrorata in Spartina-dominated (marsh; A,D,G), mixed (B,E,H), and Avicennia-dom-
inated (mangrove; C,F,I) habitats. Thick horizontal lines represent the median, boxes extend to the 25th and 75th quartiles, and 
whiskers encapsulate the 95% credible interval. Colors represent basal energy sources. Box patterning represents stable iso-
tope analysis (SIA) method, with solid boxes representing bulk-tissue SIA mixing model results and striped boxes representing 
compound-specific SIA-amino acid (CSIA-AA) mixing model results. Iconography is from the Integration and Application  

Network (ian.umces.edu/media-library)



Mar Ecol Prog Ser 729: 81–97, 2024

marsh to mangrove habitats. This shift indicates that a 
change in dominant vegetation also alters the detrital 
pathway, especially when transitioning to complete 
Avicennia dominance, not just co-occurrence. Our 
results also indicate that the importance of algal car-
bon to SOM found within marsh and mixed habitats is 
non-trivial. Specifically, we found it to be similar in 
contribution to SOM as carbon from Spartina, sug-
gesting that these 2 carbon sources may be equally 
important to the detrital pathway of coastal Louisiana 
salt marshes and estuarine food webs. Even so, the 
importance of Spartina-derived carbon to SOM 
highly varied across habitats with differing macro-
phyte dominance, while algal carbon contributions to 
SOM were relatively conserved across habitats 
(evidenced by similar 95% CI and low PP values). 

A slight decrease in algal carbon contribution to 
SOM in mangrove habitats relative to marsh and 
mixed habitats could be a function of lower algal pri-
mary production at this site, as mangroves often 
occur at higher elevations than Spartina (Smee et al. 
2017). Regardless, our results suggest a consistent 
contribution of algal carbon to SOM and through it 
the potential support of marsh consumers via detrital 
and/or deposit-feeding pathways. The differences in 
Avicennia carbon contribution to SOM in mixed and 
mangrove habitats could be a combination of a tem-
poral lag (i.e. how long mangroves have been present 
at each site, something we were unable to assess in 
this study) and differences in decomposition rates 
between Spartina and Avicennia (i.e. slower decom-
position in Avicennia). However, the latter hypothesis 
contrasts with previous findings suggesting that 
Avicennia decomposes faster than Spartina (Perry & 
Mendelssohn 2009, Simpson et al. 2021). 

4.2.  Grass shrimp 

As hypothesized, basal energy pathways support-
ing grass shrimp food webs were unaffected by shifts 
in macrophyte dominance across habitats. Isotopic 
mixing models using bulk-tissue SIA suggested that 
both Spartina and algae were important basal energy 
sources to grass shrimp food webs within marsh and 
mixed habitats, but these models had difficulty 
resolving which basal energy pathways were most 
important within mangrove habitats. CSIA-AA im -
proved pathway distinctions, clarifying estimated 
contributions to grass shrimp food webs and reveal-
ing the substantial importance of algal energy path-
ways across habitats irrespective of macrophyte dom-
inance. These results are broadly consistent with 

previous findings for grass shrimp and other nektonic 
species in the southeastern USA (Nelson et al. 2019, 
Baker et al. 2021). As generalist nektonic grazers, 
grass shrimp forage on diverse resources (McCann et 
al. 2017), which could make them more resilient or 
competitive in the face of environmental change 
(Richmond et al. 2005, Clavel et al. 2011). 

Determining whether the algae necessary to sup-
port grass shrimp food webs is equally available 
across these coastal wetland habitats was beyond the 
scope of this study but has major implications. If algal 
abundance declines in mangrove habitat, this could 
result in a decreased carrying capacity for grass 
shrimp as marsh transitions to mangrove habitat. In 
support of this possibility, previous work along the 
Texas coast found that grass shrimp were less abun-
dant and had lower biomass in mangrove habitat than 
marsh habitat (Smee et al. 2017). Additionally, a study 
in southeastern Louisiana found that conversion to 
mangrove habitat decreased energetic benefits to 
phytoplankton- and/or epiphytic macroalgae-depen-
dent marsh nekton (Harris et al. 2021). Despite having 
relatively high mobility within the coastal wetland 
habitat complex (Kneib 2002), grass shrimp can 
exhibit high site fidelity for specific intertidal creeks 
on a scale of a few meters (Allen et al. 2015). There-
fore, it seems unlikely that grass shrimp will relocate 
to areas with increased energetic value or increase 
their foraging range (Allen et al. 2015). As a result,  
conversion to mangrove habitat could result in de -
clines in grass shrimp abundance. 

4.3.  Periwinkles 

Unlike grass shrimp, the relative importance of spe-
cific basal energy pathways to periwinkle food webs 
varied in response to shifts in macrophyte dominance 
across habitats. Specifically, periwinkle food webs 
derived most of their energy from Spartina in marsh 
and mixed habitats, then shifted towards increased 
algal reliance in mangrove habitat. This provided 
support for our hypothesis that shifts in the food web 
pathways supporting epibenthic deposit feeders 
would reflect concurrent changes in macrophyte 
dominance. 

The periwinkle food web response is likely related 
to their specialized, deposit-feeding lifestyle, which 
results in more limited resource availability than 
mobile nektonic consumers, like grass shrimp (Vaughn 
& Fisher 1992, McCann et al. 2017). Additionally, 
their low trophic position (2.00; McCann et al. 2017) 
indicates that they forage on basal energy sources, 
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making them more directly impacted by changes in 
source abundance. Energy pathway contributions to 
periwinkle food webs at mixed and marsh sites are 
nearly identical, suggesting that Spartina is a pre-
ferred energy source (Bärlocher & Newell 1994, Silli-
man & Newell 2003, Sieg et al. 2013). Interestingly, 
the importance of Avicennia energy pathways to peri-
winkle food webs remained minimal across habitats, 
especially according to the CSIA-AA model, despite 
its apparent inputs to SOM in mangrove habitats. The 
lack of Avicennia contribution to periwinkle food 
webs could be due to the refractory nature of man-
grove tissues (Alongi 1990); periwinkles might ingest 
but not assimilate mangrove-derived material, as is 
the case for other Littoraria snails common in tropical 
mangrove systems (Alfaro 2008). 

The shift in energy pathways supporting periwinkle 
food webs towards algal dominance in mangrove hab-
itats indicates that periwinkles are less specialized 
than expected and can adapt in response to dominant 
macrophyte shifts. Even so, the energetic quality of 
compensatory algal pathways in mangrove habitat 
might be worse than the preferred Spartina pathway. 
To this point, previous work found that periwinkles 
exhibit optimal growth on a Spartina diet (Bärlocher 
& Newell 1994), so periwinkle abundance and/or bio-
mass might decrease as marsh transitions to man-
grove habitat. Additionally, shifting to algae energy 
pathways could increase or create new competitive 
interactions with other species reliant on these path-
ways, which could further alter periwinkle carrying 
capacity or indirectly alter the carrying capacity of 
other algal-dependent marsh species. 

4.4.  Bulk-tissue SIA vs. CSIA-AA 

We found that bulk-tissue SIA and CSIA-AA mix-
ing models generally agreed on patterns of food 
web energy pathway dependence between species 
and across habitats, with some exceptions including 
predictions of relatively higher reliance on algal 
energy pathways using CSIA-AA. As predicted, 
CSIA-AA models provided more constrained esti-
mates of the importance of specific basal energy 
sources supporting consumers in each habitat. The 
discriminatory power of mixing models generally 
decreases with an increasing number of sources, 
and is also strongly influenced by the isotopic dif-
ferences of sources (Phillips et. 2014). The higher 
number of tracers (5 vs. 2) used in CSIA-AA models 
allowed for greater separation among basal energy 
sources contributing to the observed increased 

interpretive power. This clarifying effect was more 
prominent in model predictions of the relative 
importance of basal energy sources supporting 
grass shrimp than those supporting periwinkles. In 
addition, CSIA-AA improved the fit of the mixing 
polygon for periwinkles in mangrove habitat, there-
fore better adhering to mixing model best practices 
(Phillips et al. 2014). Additionally, while algal 
energy sources were consolidated in this study to 
facilitate methods comparisons, POM and epiphytic 
macroalgae had distinct CSIA-AA values. This sug-
gests that, unlike bulk-tissue SIA, future studies 
could employ CSIA-AA to disentangle the relative 
importance of these 2 algal pathways as well. 

Perhaps the most notable strength of a CSIA-AA 
approach is the minimization of trophic fractionation, 
especially when incorporating EAAs (McMahon et al. 
2010). Mixing models are sensitive to TEFs; chosen 
values can substantially alter energy pathway con-
tribution estimates (Bond & Diamond 2011). We used 
the bulk-tissue SIA TEF values employed by Nelson 
et al. (2019) in a study of nekton in marsh, mixed, and 
mangrove habitats near Port Fourchon, Louisiana, to 
facilitate direct comparison between our studies. 
However, there is inherent uncertainty between 
actual TEF values experienced by consumers in our 
study and the assumed TEF values incorporated into 
bulk-tissue SIA mixing model analyses. Mixing 
models using EAAs assume a negligible TEF, thus 
allowing incorporation of some uncertainty into the 
model without substantially biasing the results with 
an assumed, and possibly inaccurate, approximation 
of bulk-tissue isotopic fractionation (McMahon et al. 
2010). 

4.5.  Caveats and considerations 

One caveat to consider is that we only included live 
plant tissues to represent macrophyte pathways. Prior 
bulk-tissue SIA studies suggest that senesced plant 
tissues may differ isotopically from live plant tissues 
(Currin et al. 1995, Bouillon et al. 2008), which would 
shift the relative position of macrophyte sources to 
SOM or consumers in the mixing space, potentially 
changing mixing model-based estimates of macro-
phyte contributions to SOM carbon and consumer 
food webs. However, changes in bulk-tissue δ13C are 
likely negligible for both Spartina and Avicennia, 
while bulk-tissue δ15N could decrease by up to a few 
per mil in senesced tissues (Currin et al. 1995, Bouil-
lon et al. 2008). Therefore, as the SOM model only 
included bulk-tissue δ13C, it is unlikely that this omis-
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sion substantially altered our estimates for macro-
phyte contributions to SOM carbon. Additionally, 
basal energy sources are fairly similar for bulk-tissue 
δ15N (6.1‰ range in means; Table 1) relative to the 
more pronounced differences in bulk-tissue δ13C 
(13.2‰ range in means). It is possible that shifting 
bulk-tissue δ15N values for Spartina and Avicennia 
could affect the discrimination between basal energy 
sources, but bulk-tissue δ13C probably predominantly 
drives mixing model results, and therefore a shift in 
bulk-tissue δ15N is likely of minor concern. 

Second, heterotrophic carbon sources (i.e. bacteria 
and fungi) were not included in our bulk-tissue SIA 
and CSIA-AA analyses of SOM carbon and consumer 
energy pathways. This was due in part to an inability 
to collect representative bacteria or fungi samples at 
our study sites in sufficient mass and purity to ana-
lyze. While these are potential basal energy sources 
present in the coastal wetland landscape, a recent 
study suggested that they contribute minimally to 
coastal wetland deposit-feeder food webs (Harada et 
al. 2022). 

In addition, SOM was included as an energy source 
in grass shrimp and periwinkle bulk-tissue SIA mix-
ing models but not in their corresponding CSIA-AA 
models. SOM innately reflects a mixture of basal car-
bon sources derived from primary producers (i.e. 
macrophytes, epiphytic macroalgae, microphytoben-
thos, and phytoplankton), so its estimated contrib-
utions to consumer food webs really reflects a combi-
nation of other pathways, not a distinct energy 
source. Given this, we used a novel approach to deter-
mine the proportional contributions of these other 
basal energy sources to SOM (i.e. based on the results 
of the SOM mixing model) and then used these pro-
portions to reallocate the estimated SOM contrib-
utions to consumer food webs to the estimates for 
these other sources (Spartina, Avicennia, and algae). 
This allowed us to directly compare the importance of 
these 3 basal energy sources in subsidizing salt marsh 
consumer food webs across bulk-tissue SIA and CSIA-
AA methods, as SOM was not analyzed for CSIA-AA 
in our study given its mixed nature. While our SOM 
contribution reallocation approach in bulk-tissue SIA 
models facilitated a more direct methods comparison, 
it could have introduced some biases to the model 
results. For example, bulk-tissue SIA models had 
higher estimates of Avicennia food web contributions 
in mangrove habitat than the CSIA-AA model did, 
which, while biologically plausible, could also be to 
some degree an artifact effect of adding the respec-
tive proportion of SOM contributions to the Avicen-
nia contribution. 

Last, we combined algal energy sources after run-
ning the mixing models (a posteriori), as one was a 
proxy (ribbed mussel), and therefore the two differed 
in elemental composition and the trophic step 
between them and the consumers. However, a poste-
riori combination can create a slight bias toward the 
combined basal energy source in a Bayesian frame-
work; initially, all sources are weighted with equal 
likelihoods of contribution, but, by combining 2 of 
them, that weight is effectively doubled for the resul-
tant combined source (Stock et al. 2018). Combining 
sources was not strictly necessary for the CSIA-AA 
analysis; it was mainly performed to maintain a con-
sistent comparison between SIA methods. In ad -
dition, we were unable to collect an additional algal 
source, microphytobenthos, which can be important 
in supporting salt marsh food webs (Currin et al. 1995, 
Galván et al. 2008). Creating one ‘algal’ group helped 
ameliorate this by serving as a collective representa-
tion of all potential pelagic, epiphytic, and benthic 
algal and cyanobacterial sources present in the sys-
tem. However, because these algal sources respond to 
different drivers and may not be incorporated into the 
food web in the same way, there is some nuance to the 
potential food web impact of mangrove encroach-
ment that could not be fully parsed apart. Given the 
importance of algal energy sources (phytoplankton, 
epiphytic macroalgae, microphytobenthos) with a 
transition to mangrove habitat and the different sub-
strates (e.g. soil and sediment surfaces, stems and 
pneumatophores) that support their production, 
future work would benefit from adopting a CSIA-AA 
approach and considering the food web contributions 
of each algal source (phytoplankton, epiphytic macro -
algae, and microphytobenthos) separately. 

5. CONCLUSIONS 

The Gulf of Mexico is expected to be fully tropical-
ized by the end of this century (Day et al. 2013, Osland 
et al. 2021, Bardou et al. 2023), facilitating a large-
scale transition from Spartina- to Avicennia-dom-
inated habitat (Rybczyk et al. 2012). Avicennia enters 
the detrital pathway via SOM when it dominates the 
landscape; however, as seen with previous work on 
nekton in southeastern Louisiana, it does not mean-
ingfully enter marsh resident aquatic food webs (Nel-
son et al. 2019). Instead, algal production is most im-
portant energetically across species and habitats. 
Because Spartina SOM composition is replaced with 
Avicennia and algae inputs are conserved, Avicennia 
would need to be able to support more algal produc-
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tion than Spartina to support detrital-mediated salt 
marsh food webs similarly. Additionally, the shift to-
wards algae reliance in Avicennia-dominated habitat 
indicates decreased energetic pathway diversity for 
marsh consumers, which could increase competition 
and de crease overall production. As marsh residents 
like the species studied here are important prey for 
fisheries species, such as red drum Sciaenops ocellatus 
and blue crab Callinectes sapidus (Heard 1982, An-
derson 1985, Schindler et al. 1994, McQuaid 1996), 
this habitat transition could have cascading adverse 
consequences on fisheries production. However, as 
we did not quantify relative abundances, it is not pos-
sible for us to fully predict how populations of marsh 
species will respond to a transition to mangroves. 
Even so, our study highlights the need to explicitly 
explore the links between trophic and population dy-
namics in this system, those in other states (e.g. Texas, 
Florida), and those in other countries (e.g. Japan, 
China) facing mangrove encroachment in future 
studies. As Avicennia dominance becomes more wide-
spread, quantifying the relative ability of each macro-
phyte to support different modes of algal production 
(e.g. via outwelling nitrogen to phytoplankton, pro-
viding substrate for epiphytic macroalgae or micro-
phytobenthos) is a necessary next step in assessing if 
this macrophyte shift alters the carrying capacity of 
coastal wetlands for marsh consumers. 
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