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Abstract

The expansion of black mangrove Avicennia germinans into historically smooth cordgrass

Spartina alterniflora-dominated marshes with warming temperatures heralds the migration

of the marsh-mangrove ecotone northward in the northern Gulf of Mexico. With this shift,

A. germinans is expected to outcompete S. alterniflora where it is able to establish, offering

another prevalent food source to first order consumers. In this study, we find A. germinans

leaves to be preferable to chewing herbivores, but simultaneously, chewing herbivores

cause more damage to S. alterniflora leaves. Despite higher nitrogen content, A. germinans

leaves decomposed slower than S. alterniflora leaves, perhaps due to other leaf constitu-

ents or a different microbial community. Other studies have found the opposite in decompo-

sition rates of the two species’ leaf tissue. This study provides insights into basic trophic

process, herbivory and decomposition, at the initial stages of black mangrove colonization

into S. alterniflora salt marsh.

Introduction

As climates warm, tropical species are expanding their population ranges into historically sub-

tropical environments [1], and lack of severe freeze events as the climate warms is expected to

allow for more permanent expansion of mangrove populations in the northern Gulf of Mexico

(nGOM) [2] and around the world [3, 4], rather than the alternating expansion/contraction

cycles witnessed in the past. Coastal wetlands of the nGOM are largely dominated by herba-

ceous marsh comprised of smooth cordgrass Spartina alterniflora and/or black needlerush

PLOS ONE | https://doi.org/10.1371/journal.pone.0210144 January 7, 2019 1 / 13

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Macy A, Sharma S, Sparks E, Goff J, Heck

KL, Johnson MW, et al. (2019) Tropicalization of

the barrier islands of the northern Gulf of Mexico: A

comparison of herbivory and decomposition rates

between smooth cordgrass (Spartina alterniflora)

and black mangrove (Avicennia germinans). PLoS

ONE 14(1): e0210144. https://doi.org/10.1371/

journal.pone.0210144

Editor: Suzannah Rutherford, Fred Hutchinson

Cancer Research Center, UNITED STATES

Received: October 23, 2017

Accepted: December 18, 2018

Published: January 7, 2019

Copyright: This is an open access article, free of all

copyright, and may be freely reproduced,

distributed, transmitted, modified, built upon, or

otherwise used by anyone for any lawful purpose.

The work is made available under the Creative

Commons CC0 public domain dedication.

Data Availability Statement: All files are available

from the SEANOE database (accession number:

51515; DOI: 10.17882/51515; URL: http://doi.org/

10.17882/51515).

Funding: This project was funded by the United

States Fish and Wildlife Service, grant

#F11AC01390 to JC and KLH. Support was also

provided by the U.S. Department of Commerce’s

National Oceanic and Atmospheric Administration

http://orcid.org/0000-0003-2170-6240
https://doi.org/10.1371/journal.pone.0210144
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210144&domain=pdf&date_stamp=2019-01-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210144&domain=pdf&date_stamp=2019-01-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210144&domain=pdf&date_stamp=2019-01-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210144&domain=pdf&date_stamp=2019-01-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210144&domain=pdf&date_stamp=2019-01-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210144&domain=pdf&date_stamp=2019-01-07
https://doi.org/10.1371/journal.pone.0210144
https://doi.org/10.1371/journal.pone.0210144
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/
https://doi.org/10.17882/51515
http://doi.org/10.17882/51515
http://doi.org/10.17882/51515


Juncus roemerianus, though some small regions of warmer climate within the nGOM contain

stunted populations of the black mangrove Avicennia germinans. The Intergovernmental

Panel on Climate Change predicts fewer severe cold events in the coming decades [5], which

would facilitate continued poleward expansion of A. germinans and a gradual conversion of

coastal wetlands along the nGOM from herbaceous marsh to woody mangrove swamps [2].

Along with temperature, other factors also limit the establishment and growth of A. germi-
nans, such as wave action [6], propagule dispersal [7], propagule viability [8], microclimate

[9], and hydrology [10, 11]. A. germinans often colonizes shorelines populated with S. alterni-
flora through herbaceous marsh entrapment of mangrove propagules [7], and this mangrove

colonization comes at the expense of some salt marsh [12]. This shift from salt marsh to man-

grove is associated with substantial shifts in ecosystems structure and function [13, 14]. This

mangrove succession over salt marsh may lead to shifts in energy transfer through consumer

preference and detrital pathways. Despite the significance of energy transfer on ecosystems, it

can be difficult to quantify in the field.

Studies of herbivory and decomposition rates on mangroves are limited to areas where

mangroves are dominant, but these rates likely differ near the edges of their geographic extent

due to colder climates and different faunal and microbial assemblages. Duarte & Cebrian [15]

conducted an extensive review of carbon budgets in coastal systems, and concluded herbivory

amounted to 7–11% of carbon transfer in mangroves and 24–38% carbon transfer in marshes,

though more recent work suggests herbivory on mangroves has been underestimated [16, 17].

Decomposition rates vary with environmental conditions, including temperature [18], decom-

poser community [19], redox potential [20], and nutrient availability [21]. No study to the

authors’ knowledge has compared herbivory and decomposition rates of marsh and mangrove

at the poleward extent of A. germinans.
In this study, we focus on a barrier island located at the most northern extent of A. germi-

nans occurrence in the nGOM [22]. Three A. germinans individuals were discovered in 2012

to have colonized Horn Island. Though the exact time of colonization is unknown, the trees

were 0.72–1.08m tall in April 2012. We carried out a two-year study comparing leaf herbivory,

leaf nutrient content, and decomposition rates between S. alterniflora and A. germinans at this

early stage of A. germinans colonization. Our results demonstrate a dichotomy in the levels of

leaf herbivory, based upon mass or areal removal analysis, and offer novel findings on differ-

ences in decomposition rates between A. germinans and S. alterniflora, illustrating important

consideration of region-specificity in generalizations concerning expanding or migrating spe-

cies ranges.

Methods

Study site

Horn Island is a barrier island off the coast of Mississippi (30˚14’27" N, 88˚40’43"W) that

marks the northern limit of A. germinans in the Gulf of Mexico [22]. The entire known man-

grove population on the island, composed of three individuals at the time of this study (2012–

2013), resided along the shoreline of a bayside inlet to a lagoon on the interior of Horn Island

(Fig 1). The shoreline was dominated by S. alterniflora interspersed with patches of black nee-

dlerush J. romerianus and other salt marsh species.

Study design

For the first year of the study (2012), we established three stations, each comprised of a single

“mixed” plot centered on one of the three surveyed A. germinans trees, thus containing the

tree and underlying marsh. Each station was expanded in the second year (2013) to include a
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second, marsh-only (“reference”), plot, 5m away from its paired mixed plot. S. alterniflora was

the dominant species of marsh plant and referred to as “S. alterniflora-mixed” in mixed plots

and “S. alterniflora-ref” in reference plots. Mixed and reference plot sizes were scaled to the

size of the A. germinans tree (0.25–1.0m2) in the corresponding station (Fig 1).

Floral communities, A. germinans and S. alternifloramorphometrics, and herbivory were

measured bimonthly over the 2012 and 2013 growing seasons (June-October). Leaf decompo-

sition rates using the conventional litterbag method [23, 24] were measured in 2012; in 2013,

many of the litterbags were washed away, precluding analysis of 2013 data, and leaf carbon

and nitrogen content were measured bimonthly in 2013.

Measurements

Leaf herbivory. With the permission of the United States Fish and Wildlife Service, thirty

green A. germinans leaves were collected haphazardly from each tree on each sampling date.

Thirty live shoots of S. alterniflora were collected haphazardly from just outside each plot

around or adjacent to the tree. Photos were taken of all A. germinans leaves. S. alterniflora
leaves were peeled off the shoot and their basal terminus defined by a distinct line where the

leaf diverges from the stem. Height and basal width were measured for all S. alterniflora leaves.

Photos were taken of the leaf sections with bite marks. A. germinans leaf area, and the area of

the bite marks on A. germinans and S. alterniflora leaves were measured with ImageJ software.

To estimate leaf area for S. alterniflora leaves with tip present, we derived an allometric

equation with fifteen S. alterniflora shoots collected from a marsh on Dauphin Island (30˚

15’3.56"N, 88˚ 4’39.91"W). Many S. alterniflora leaves were missing the tip, particularly those

with many bite marks. This was not the case for A. germinans leaves since grazed leaves main-

tained their tip and oval shape despite having grazing marks. Missing tips could have endured

substantial grazing; thus, disregard of these tips could lead to severe grazing underestimates

[25]. We used a two-step approach to derive a possible range of herbivory intensity for leaves

where the tip was missing.

Fig 1. Map of stations 1–3 (stars) on Horn Island, MS. Study region indicated on inset of Horn Island in top right.

Each station contained a mixed and reference plot, 5m apart. Mixed (2012–2013) and reference (2013) plot sizes were

scaled to the size of the A. germinans tree in the corresponding station (Stations 1 and 3: 1.0m2; Station 2: 0.25m2).

Imagery of the study site and the Horn Island insert were obtained from USGS National Map Viewer (public domain).

https://doi.org/10.1371/journal.pone.0210144.g001
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Four possible situations were encountered for S. alterniflora leaves collected (Fig 2). To

estimate area of missing tips, we took photos of leaves with tip missing and extended both

edges of each leaf using ImageJ [26] until they intersected. We measured the taping angle

(mean value ± standard error: 89.5˚ ± 0.2˚). Then, assuming an isosceles triangle shaped-leaf,

we calculated leaf area as tan(Θ)�(0.5b)2, where θ is the mean tapering angle and b is the basal

width. From this we derived the width of the top edge at which the leaf was cut off and the tip

missing (i.e., width of the isosceles triangle at the height of the leaf), using the relationship: top
width = 2Δh/tan(Θ), where Δh is height difference between the reconstructed isosceles triangle

Fig 2. Four possible situations encountered for S. alterniflora leaves: a) leaf tip intact, no grazing (76.1% of leaves),

b) leaf tip intact, grazed (6.4% of leaves), c) leaf tip missing, no grazing on remaining portion (3.2% of leaves), d) leaf

tip missing, grazed on remaining portion (14.2% of leaves).

https://doi.org/10.1371/journal.pone.0210144.g002
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and leaf height. In turn, the width of the top leaf edge was taken as the basal width for the isos-

celes triangle representing the missing tip, and the area of the missing tip was calculated from

this width measurement and the mean tapering angle value. These estimates were included in

the S. alterniflora leaf area allometric regression equation, Leaf Areacalculated = 0.3478 � Leaf

Areameasured + 0.1383, (r2 = 0.91), to obtain final values of missing tip areas. The missing tip

reconstruction approach was tested by severing 20 complete leaves at haphazardly-chosen

cross sections along each leaf blade to determine an adjustment factor for our calculated miss-

ing tip areas: Missing Tipcalculated = 2.6498 �Missing Tipmeasured + 0.2265, (r2 = 0.92).

Upon estimation of the area of the missing tip, the second step involved derivation of

herbivory values assuming that 25%, 50%, or 75% of the missing tip had been consumed to

illustrate a wide range of possible consumption scenarios. These calculations were done sepa-

rately for each missing tip and the area of the bite marks added to the grazing estimation for

the missing tip. Herbivory estimates were derived as percent leaf area consumed (cm2
grazed

cm-2
leaf), absolute leaf area consumed (cm2

grazed leaf-1), and absolute leaf mass consumed

(grams dry weight leaf-1).

To assess leaf mass consumption, leaf area (cm2) to dry weight (g) conversion ratios were

derived from additional subsamples: S. alterniflora (r2 = 0.88): Oven − Dry Weight = 0.0193 �

Leaf Area − 0.1657; A. germinans: (r2 = 0.80): Oven-Dry Weight = 0.0197 � Leaf Area + 0.0252.

Cumulative leaf damage from grazers is a common proxy for herbivory [27, 28], but when

compared between species, leaf lifespans should be taken into consideration. Leaves of A. ger-
minans and S. alterniflora in the studied area have similar lifespans (100–150 days, [29, 30]);

thus, our estimates should represent similar time scales for cumulative leaf damage.

Leaf nutrient content. Between 10–20 of the green A. germians or S. alterniflora leaves

used to measure herbivory were oven dried (60˚C to a constant weight) then ground into pow-

der using a Thomas-Wiley plant tissue grinder and analyzed for percent carbon (%C) and

nitrogen (%N) by mass using a CNS analyzer [31].

Leaf litter decomposition. The conventional litterbag method [23, 24] was used to esti-

mate leaf decomposition rates. Nylon mesh bags (1.0 mm mesh) containing a known mass

(air-dried) of green leaf detritus of A. germinans or S. alterniflora were fastened to rebar at the

sediment surface within the plot. Leaves of both species begin to senesce while still attached to

the plant, such that plucked senescent leaves would have been at different stages of decomposi-

tion. To normalize the stage of decomposition, we used green leaves for comparison. For mea-

suring litterbag mass remaining, a conversion between oven- and air-dried material was

necessary: A. germinans (r2 = 0.98): Air-dry weight = 1.8143 �Oven-Dry weight + 0.0477; S.

alterniflora (r2 = 0.92): Air-dry weight = 1.3959 �Oven-Dry weight + 0.0186.

The following equation was fit for each vegetation type in each of the three stations:

lnð
DMretrievaL

DMdeployment
Þ ¼ C � kDt

where DMretrieval and DMdeployment correspond to the detritus mass (air-dry weight) remaining

at retrieval and deployed at the beginning of the incubations, respectively; C is a constant, k is

the decomposition rate, in days-1; and Δt is the time elapsed from deployment to retrieval, in

days. The fits were done with least-square regression in SigmaPlot 12.3.

Statistical analyses

We used the following model for the analysis of leaf nutrient content, herbivory, and decom-

position:

ðResponse VariableÞ ¼ Stationþ Subject þ Plant Typeþ Timeþ ðPlant Type�TimeÞ þ Error

Mangrove tropicalization of barrier islands in nGoM
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where Station is a random blocking factor corresponding to each of the three locations where

the plots were situated, Subject is a random factor, nested within Station, accounting for repeated

measurements on individual organisms, Plant Type is a fixed factor corresponding to A. germi-
nans, S. alterniflora-mixed or S. alterniflora-ref, and Time is a random, within-subject factor cor-

responding to collection date. For nutrient content, the response variable was percent nitrogen;

for herbivory, the response variable was amount grazed (percent (%), absolute, or mass); and for

decomposition, the response variable corresponded to ln(DMretrievalDMdeployment). All values

obtained from a given plot on each sampling date were averaged into one true replicate. We

used R version 3.2.4 [32] with package “lme4” [33] for analysis. A likelihood ratio test was used

to determine significance of each factor: (1) two models were constructed for each comparison,

the full model and a model lacking the factor of interest; (2) a likelihood ratio test using the

“anova ()” function provided a comparison between the models; and (3) any differences between

the models are attributed to the factor of interest [34]. When comparing models for a fixed fac-

tor, maximum likelihood estimators were used in the full and partial models; for random factors,

restricted maximum likelihood estimators were used for both models being compared [34, 35].

Post-hoc comparisons were computed for specific factor levels following the same approach.

Recent, robust statistical analysis developments have allowed for inclusion of several factors to be

accounted for smaller sample sizes (e.g., n = 3), though the statistical power may still be reduced

[33–35].

Results

Leaf herbivory

Herbivores removed more leaf area of S. alterniflora but consumed more leaf mass of A. germi-
nans, per leaf. Fig 3 shows consumption (S. alterniflora: portion of overall leaf removal; A. ger-
minans: equal to leaf removal), but overall leaf removal would account for 100% of missing

tips (Yearly Leaf Removal Averages; Percent Area: S. alterniflora-mixed: 3.66%, S. alterniflora-

ref: 2.22%, A. germinans: 0.75% and Absolute Leaf Area: S. alterniflora-mixed: 0.60 cm2 leaf-1,

S. alterniflora-ref: 0.68 cm2 leaf-1, A. germinans: 0.06cm2 leaf-1). Significantly more area was

removed from each S. alterniflora leaf than each A. germinans leaf. On a mass basis, even if

75% of missing S. alterniflora tips were consumed, more mass per leaf would be entering herbi-

vores via A. germinans than via S. alterniflora (Fig 3 and Table 1). Post-hoc analysis did not

reveal any significant differences in herbivory between S. alterniflora-mixed and S. alterni-
flora-ref. A. germinans leaves were more frequently damaged (63.1% of leaves intact; 36.9% of

leaves grazed) than S. alterniflora leaves (See Fig 2; 76.1% intact, no grazing; 6.4% intact,

grazed; 3.2% not intact, no grazing; 14.2% not intact, grazed).

Leaf nutrient content

Leaf nitrogen content was higher in A. germinans leaves than in S. alterniflora leaves (p< 0.05,

Fig 4 and Table 1), with %N in S. alterniflora leaves not varying significantly between S. alteri-
flora-mixed and S. alterniflora-ref. These differences were consistent over time (Plant Type x

Time: p> 0.05, Table 1).

Leaf decomposition

Leaf decomposition was faster for S. alterniflora than for A. germinans leaves (Plant Type x

Time: p< 0.001, Fig 5 and Table 1). Similar leaf detritus weights for the two plant types

remained in the bags over the first collection times, but 328 days after deployment only ca. 2%

of the initial weight remained for S. alterniflora as opposed to ca. 15% for A. germinans leaf

Mangrove tropicalization of barrier islands in nGoM
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detritus. We used the single exponential decay model because other models (such as the linear

or double exponential) did not improve the quality of the fit (S1 and S2 Figs).

Discussion

There was a greater mass consumed from A. germinans leaves than S. alterniflora leaves, even

when assuming 75% of each missing S. alterniflora tip was consumed (A. germinans: 0.018 g

leaf-1, S. alterniflora-mixed: 0.007 g leaf-1, S. alterniflora-ref: 0.004 g leaf-1, Fig 3 and Table 1),

and these differences were consistent over time (Plant Type x Time: p> 0.35). Based on previ-

ous degrees of herbivory in other systems [15], 0% and 75% consumptions are unlikely; we

chose to include analysis of a conservative 75% scenario to highlight the consumption relative

to A. germinans. In addition to the greater mass consumption per leaf, mangrove leaves con-

tained 48–63% greater nitrogen concentrations than S. alterniflora leaves (A. germinans:
1.86%, S. alterniflora-mixed: 1.25%, S. alterniflora-ref: 1.14%, Fig 4 and Table 1), suggesting

herbivores may be targeting A. germinans for their higher nutritional value. Typical leaf nitro-

gen content ranges from 1–4% [36], indicating S. alterniflora is relatively nitrogen poor. Onuf

et al. [37] fertilized red mangroves to the extent of increasing leaf nitrogen concentrations by

33%, resulting in a 400% increase in herbivory. The leaf nitrogen concentration discrepancy of

48–63% observed in our study may influenced grazer preference of leaves.

Other factors such as lignin concentration, tannins, and silica content [38–40] can affect

palatability. Relative to other mangrove genuses, A. germinans leaves contain fewer tannins

Fig 3. Leaf herbivory of A. germinans and S. alterniflora-mix (6 separate analyses) over 2012–2013. Grazing on leaf

tissue was compared on the bases of percentage of total leaf area (left column plots), absolute leaf area (center column),

and absolute leaf mass (right column). Note y-axes’ scales vary in left and center columns. Values between top, middle,

and bottom rows vary only for S. alterniflora, with different assumptions of missing tip consumption (top: 25%,

middle: 50%, bottom: 75%).

https://doi.org/10.1371/journal.pone.0210144.g003
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(0.8% DW, [41]) but still more than S. alterniflora (0.4% DW, [42]). The most likely dominant

grazers of A. germinans in our system are grasshoppers, based upon identification of nearby

marsh grazing populations [43]. The most likely dominant grazer of S. alterniflora is the marsh

periwinkle Littoraria irrorate [44], who incidentally consumes S. alterniflora as it consumes

fungus that infects S. alterniflora [45]. The results demonstrate A. germinansmay be a prefera-

ble option to certain grazers in the nGOM. Despite this apparent grazer preference of live leaf

tissue, the morphology differences between A. germinans and S. alterniflora leaves lend to a

greater impact on S. alterniflora, the less consumed plant.

Primary production is a function of leaf area, and leafy plants have exhibited several adapta-

tions to exposure of leaf surface area to sunlight [46, 47]. Grazing incidentally decreases leaf

area, but to sustain the same level of secondary production, more leaf area of one species of

plant may need to be consumed (or removed through sloppy feeding, wherein material is

removed from the plant but not consumed by the grazer) than the leaf area of another plant

Table 1. Chi-squared (χ2), degrees of freedom (df), and p-values of factors within Likelihood Ratio Test: Station, Plant Type (A. germinans, S. alterniflora-mixed, S.

alterniflora-ref), Date, and interaction of Plant Type x Date. Bold P values indicate significance (p < 0.05).

Response Variable Station Plant Type Date Plant Type x Date

χ2 (df) p-value χ2 (df) p-value χ2 (df) p-value χ2 (df) p-value

Nutrients (2013)

% Leaf Nitrogen 0 (1) >0.999 15.5 (2) <0.001 15.7 (1) <0.001 0 (1) >0.999

Herbivory: A. germinans/S. alterniflora-mixed (2012 and 2013)

Percent Leaf Area Consumed
25% 0 (1) >0.999 0.7 (1) 0.397 0 (1) >0.999 1.0 (1) 0.325

50% 0 (1) >0.999 8.4 (1) 0.004 0 (1) >0.999 1.1 (1) 0.292

75% 0 (1) >0.999 12.4 (1) 0.001 0 (1) >0.999 1.2 (1) 0.275

Absolute Leaf Area Consumed
25% 0.1 (1) 0.807 9.5 (1) 0.002 0 (1) >0.999 0 (1) >0.999

50% 0 (1) 0.874 12.3 (1) <0.001 0 (1) >0.999 0 (1) >0.999

75% 0 (1) 0.909 13.3 (1) <0.001 0 (1) >0.999 0 (1) >0.999

Absolute Leaf Mass Consumed
25% 0 (1) >0.999 16.7 (1) <0.001 0 (1) >0.999 0.5 (1) 0.466

50% 0 (1) >0.999 14.5 (1) <0.001 0 (1) >0.999 0.7 (1) 0.417

75% 0 (1) 0.999 11.6 (1) <0.001 0 (1) >0.999 0.9 (1) 0.356

Herbivory: A. germinans/S. alterniflora-mixed/S. alterniflora-ref (2013)

Percent Leaf Area Consumed
25% 0 (1) >0.999 2.4 (2) 0.294 0 (1) >0.999 2.0 (1) 0.157

50% 0 (1) 0.917 6.5 (2) 0.038 0 (1) >0.999 2.1 (1) 0.144

75% 0.1 (1) 0.717 8.6 (2) 0.014 0 (1) 0.950 2.0 (1) 0.159

Absolute Leaf Area Consumed
25% 0 (1) >0.999 5.2 (2) 0.075 0.2 (1) 0.640 3.3 (1) 0.068

50% 0 (1) >0.999 6.7 (2) 0.035 0.5 (1) 0.485 3.0 (1) 0.082

75% 0 (1) >0.999 7.2 (2) 0.028 0.6 (1) 0.442 2.9 (1) 0.086

Absolute Leaf Mass Consumed
25% 0 (1) >0.999 19.9 (2) <0.001 0 (1) >0.999 0 (1) >0.999

50% 0 (1) >0.999 15.3 (2) <0.001 0 (1) >0.999 0 (1) 0.989

75% 0 (1) >0.999 10.7 (2) 0.005 0 (1) >0.999 0.2 (1) 0.656

Decomposition (2012)

Percent Mass Remaining
0 (1) >0.999 3.2 (1) 0.075 19.5 (1) <0.001 27.8 (3) <0.001

https://doi.org/10.1371/journal.pone.0210144.t001
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species. There is a greater mass per unit area in A. germinans leaves than in S. alterniflora
leaves, but the overall effect of herbivory on either plant species is small. If herbivores are 100%

responsible for the missing areas, they are still only removing <5% of leaf area in cordgrass

and<1% of leaf area in mangroves, but this does not account for entire leaves that are

removed from the plants. No published studies quantifying herbivory on A. germinans along

the nGOM could be found, but in warmer climates, higher rates of herbivory were observed

on A. germinans (0.83–4.5% of leaf area in Guadeloupe [28]; 8–36% in Belize [27]). Alongi [48]

Fig 4. Percent nitrogen (%N) leaf content in 2013 for all treatments. S. alterniflora-mixed %N did not vary significantly from S. alterniflora-ref %N

(p = 0.055), and A. germinans%N was greater than S. alterniflora-mixed %N (p < 0.004) and S. alterniflora-ref (p< 0.002).

https://doi.org/10.1371/journal.pone.0210144.g004

Fig 5. Decomposition of freshly senesced A. germinans and S. alterniflora leaf detritus. Y values, ln(DMt/DMo),

are the natural logarithms of the proportion of detrital mass remaining at time, t. Duplicate bags of each plant type

were collected 6, 12, 25, 68, 113, and 328 days after deployment. Upon retrieval, the samples were rinsed off with fresh

water, and the contents within the bag carefully removed and sieved through a 0.5mm mesh. Samples were oven-dried

(60˚C to constant mass) and converted to an air-dried weight using regressions obtained with additional samples.

Least square regression for single exponential models (p< 0.05, A. germinans: r2 = 0.90; S. alterniflora r2 = 0.95). A.

germinans leaf detritus decomposed slower than S. alterniflora leaf detritus (p < 0.05, Table 1).

https://doi.org/10.1371/journal.pone.0210144.g005
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asserts that usually <10% of mangrove defoliation is attributed to insect herbivory. As such,

most leaf biomass ends up as detrital matter.

Carbon, nitrogen, and energy also make their way into the food chain via detrital pathways:

detritivores and decomposers extract a portion of this sustenance before it is either exported

out of the system or sequestered in the wetland peat. Higher leaf nutrient content may result in

faster decomposition [49–51], yet we found slower decomposition of the nitrogen-rich man-

grove leaves than the nitrogen-poor cordgrass leaves. This counter-intuitive result could be

influenced by potentially stronger factors, such as higher lignin concentrations or waxier cuti-

cle [50, 52], tannins, alternative nutrient limitation (i.e., phosphorus), or different microbial

communities [19]. While marine systems are often nitrogen-limited, Johnson et al. [53] docu-

mented phosphorus limitation in seagrass beds nearby, suggesting detritivores may have pre-

ferred phosphorus-rich material. Phosphorus levels in leaves may have varied significantly but

were not measured. Studies in this region indicate leaf phosphorus concentrations are similar

between A. germinans (0.11–0.15%, [54]) and S. alterniflora (0.08–0.15%, [55]). Perry and

Mendelssohn [56] found A. germinans leaves decomposed faster than S. alterniflora leaves in

an area with a long-established population of A. germinans, though microbial communities

can vary substantially with relative mangrove influence [57]. Microclimate conditions between

litterbags of each study were unlikely to have a significantly different effect, despite the variable

dimensions and mesh sizes [58].

In this study, we found contrasting perspectives by investigation of first order consumption.

Between A. germinans and S. alterniflora leaves, chewing herbivores consumed more A. germi-
nans leaf material while causing less damage to the leaf, perhaps enticed by the higher nitrogen

content. Chewing herbivores removed more leaf area from S. alterniflora but ingested less

plant material. S. alterniflora leaves’ greater area to mass ratio likely also contributed to its

more rapid decomposition. The introduction of new producers like A. germinans within a sys-

tem presents herbivores (and detritivores) another food choice. The magnitude of subsequent

shifts in trophic processes will align with the extent of the new producer’s dominance within

the native system; however, those magnitudes will also align with the relative preference of

first order consumers to a producer growing in that location, which may differ from that pro-

ducer’s growth in its native environment. By understanding dichotomies of herbivory and

decomposition at range extremes, we can better identify and explain the impending changes to

shifts associated with economically and ecologically valuable systems, like S. alterniflora-domi-

nated salt marsh ecosystems of the nGOM. We look forward to future research identifying

changes in trophic processes with mangrove expansion and/or changes in the marsh commu-

nities alongside other climate-motivated species range expansions.

Supporting information

S1 Fig. Linear decomposition model. Y-axis: dry mass at time t divided by initial dry mass. A.

germians: r2 = 0.89; S. alterniflora: r2 = 0.95.

(TIF)

S2 Fig. Double-exponential decomposition model. Y-axis: dry mass at time t divided by ini-

tial dry mass. A. germinans: r2 = 0.90; S. alterniflora: r2 = 0.99.

(TIF)
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21. Rejmánková E, Sirová D. Wetland macrophyte decomposition under different nutrient conditions: Rela-

tionships between decomposition rate, enzyme activities and microbial biomass. Soil Biol Biochem.

2007 Feb 1; 39(2):526–38.

22. Scheffel W, Heck K, Byron D. Range expansion of black mangrove (Avicennia germinans) to the Missis-

sippi Barrier Islands. Gulf Mex Sci. 2013; 2013(1–2):79–82.

23. Hackney CT, Cruz AADL. In situ decomposition of roots and rhizomes of two tidal marsh plants. Ecol-

ogy. 1980; 61(2):226–31.

24. Hunter A, Cebrian J, Stutes JP, Patterson D, Christiaen B, Lafabrie C, et al. Magnitude and trophic fate

of black needlerush (Juncus roemerianus) productivity: Does nutrient addition matter? Wetlands. 2015;

35(2):401–17.

25. Prado P, Tomas F, Alcoverro T, Romero J. Extensive direct measurements of Posidonia oceanica defo-

liation confirm the importance of herbivory in temperate seagrass meadows. Mar Ecol Prog Ser. 2007;

340:63–71.

26. Schneider Caroline A., Rasband Wayne S., and Eliceiri Kevin W. 2012. “NIH Image to ImageJ: 25

Years of Image Analysis.” Nature Methods 9 (7): 671–75. PMID: 22930834

27. Farnsworth EJ, Ellison AM. Patterns of herbivory in Belizean mangrove swamps. Biotropica. 1991; 23

(4b):555.

28. Saur E, Imbert D, Etienne J, Mian D. Insect herbivory on mangrove leaves in Guadeloupe: effects on

biomass and mineral content. Hydrobiologia. 1999; 413:89–93.

29. Gallagher JL. Seasonal patterns in recoverable underground reserves in Spartina alterniflora Loisel.

Am J Bot. 1983; 70(2):212–5.
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