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                             Away-fi eld advantage: mangrove seedlings grow best in litter 
from other mangrove species      

    Samantha K.     Chapman    and        Ilka C.     Feller           

  S. K. Chapman (samantha.chapman@villanova.edu), Dept of Biology, Villanova Univ., Villanova, PA 19003, USA.  –  I. C. Feller, Smithsonian 
Environmental Research Center, Edgewater, MD 28607, USA.                              

 Plant community composition can impact ecosystem processes via litter feedbacks. Species variation in litter quality may 
generate diff erent patterns of nutrient supply for plants that are dependent on litter inputs. However, it is not known 
whether plants grow faster in their own litter, litter from other species, or in litter mixtures from multiple species. To test 
whether litter identity and mixture status infl uenced mangrove seedling growth, biomass allocation, and stoichiometry, we 
performed mesocosm experiments. Two species of mangrove seedlings,  Avicennia germinans , black mangrove and  Rhizo-
phora mangle,  red mangrove, were exposed to all possible combinations of three mangrove litter types and were isolated 
from all other nutrient inputs. Litter treatments signifi cantly altered seedling growth. Seedlings from both mangrove spe-
cies grew most rapidly in litter from a diff erent species rather than their own, irrespective of litter chemical quality, decom-
position rate, and nitrogen release. Litter mixtures from white and black mangroves caused black mangroves to grow 65% 
more than expected. Litter treatments did not impact seedling root:shoot ratios or tissue C:N. Our fi nding that seedlings 
grow best in litter from other species may indicate a mechanism that helps sustain the coexistence of dominant species.   

 At the plant–soil interface, plants, microorganisms, and 
soil fauna interact to regulate ecosystem productivity via nutri-
ent availability. Th rough litter production and nutrient release 
during decomposition, plants infl uence soil nutrient avail-
ability and soil communities, so that plants may exert a 
strong infl uence over the soil environment in which 
they exist (Menyailo et al. 2002, Chapman et al. 2006, 
Schweitzer et al. 2008, van der Heijden et al. 2008). How-
ever, we still have a limited understanding of how litter pro-
duction by co-occurring plant species can cascade through 
soils and feed back to indirectly impact plant productivity 
(Nilsson et al. 2008). Th ough they are often diffi  cult to 
detect, plant – soil feedbacks may be important for structur-
ing and maintaining plant communities and driving nutri-
ent cycling (Bever 1994, Ehrenfeld et al. 2005, Kulmatiski 
et al. 2008, van der Heijden et al. 2008, Ayres et al. 2009, 
Mangan et al. 2010, Pregitzer et al. in press). Because estua-
rine systems allow for tidal movement of litter, plants often 
grow among other plant species ’  litters, rendering litter feed-
backs in these ecosystems more complex and unpredictable 
than those in terrestrial systems where litterfall is more pre-
dictable based on overstory community composition. In this 
study, we examine 1) whether plant litter identity alters the 
growth of mangrove seedlings, and 2) whether mixing litter 
can have a positive infl uence on seedling growth. 

 Leaf litter from diff erent plant species varies in both 
physical and chemical traits. Physical characteristics of 
litter such as water-holding capacity and morphology can 
alter soil microclimate. Chemical quality of litter regulates 

nutrient release from litter during decomposition and may 
alter salinity of soils. Soil microenvironment and nutrient 
availability may be particularly important for plant seedlings 
due to intense competition for resources such as light, water, 
and nitrogen (N). Leaf litter has been shown to impact seed-
ling germination, establishment (Vellend et al. 2000, Padhy 
et al. 2000, Conway et al. 2002), and growth (Xiong and 
Nilsson 1999, Quested et al. 2003, Dorrepaal et al. 2007). 

 Negative plant–soil feedbacks, in which plants grow 
more slowly in soils cultured under a conspecifi c, have been 
now been documented in many ecosystems (reviewed by 
Kulmatiski et al. 2008). Th ese ecological patterns may be 
caused by an accumulation of soil-based enemies (Bever 
et al. 1997). Conversely, positive plant–soil feedbacks confer 
advantages to conspecifi c juvenile plants via soil culturing with 
benefi cial organisms (Bever et al. 1997). Fewer studies have 
documented plant – litter feedbacks; however, researchers 
have shown that litter decomposes most rapidly when in the 
presence of the plant species that generate that litter type 
(Gholz et al. 2000, Vivanco and Austin 2008, Ayres et al. 
2009, 2010), otherwise known as a  ‘ home-fi eld advantage ’ . 
Both feedback studies and these  ‘ home-fi eld advantage ’  to 
decomposition studies may have important implications for 
plant succession and species coexistence. Yet, not much is 
known about whether conspecifi c litter production can con-
fer productivity advantages to the species studied. Similar to a 
positive plant – soil feedback based on soil organisms, if plants 
grow best in their own litter, perhaps their off spring (and 
thus seedlings) are likely to persist in the parental habitat. 
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 Although much is known about mixed litter decomposi-
tion and mixed litter nutrient release (Gartner and Cardon 
2004, H ä ttenschwiler et al. 2005, Wardle et al. 2006, Meier 
and Bowman 2009, Wardle et al. 2009), only one study, to 
our knowledge, has found that mixtures of plant litter alter 
plant growth synergistically (Nilsson et al. 2008). Recently, 
Nilsson et al. (2008) investigated the impact of varying lit-
ter diversity and plant diversity on plant growth and other 
ecosystem parameters in a pot experiment. Th ey found 
that individual substrates altered plant growth and that some 
litter mixtures generated diff erent plant growth patterns 
than would be expected from the component litters. Non-
additive litter decomposition and nutrient release are 
commonly found (Gartner and Cardon 2004), thus it is 
important to examine the implications of these interactions 
for plant productivity. Because seedlings have diverse and 
high nutrient demands, synergisms that occur during mixed 
litter decomposition may be particularly important for their 
growth. 

 Because mangrove ecosystems have only a few dominant 
species (Smith and Duke 1987), direct investigations of plant 
litter feedbacks that involve the full complement of mangrove 
species are possible. Further, understanding mangrove seedling 
productivity in habitats with various species assemblages will 
inform current restoration eff orts, necessary due to the mas-
sive losses of mangroves to coastal development (Valiela et al. 
2001). Mangroves do not often employ vegetative reproduc-
tion and therefore rely on seedling establishment for forest 
regeneration (Tomlinson 1986). Mangrove seedling success 
is partly driven by salinity, tidal action, and availability of 
nutrients (McKee 1995a, b, Krauss et al. 2008), but perhaps 
the most important variable regulating growth after estab-
lishment is availability of resources to allow stem elongation, 
and thus access to light and avoidance of tidal inundation. 
Litter may be particularly important for providing the bulk 
of nutrients available for elongation in mangrove ecosys-
tems that have isolated nutrient cycles, like inland mangrove 
stands in Florida (Twilley et al. 1986) and in some intertidal 
mangrove systems (Bouillon et al. 2003). In their tropical 
habitats, mangroves produce litterfall and grow continu-
ously throughout the year. Various natural combinations of 
relatively few species (often three in the neotropics) occur 
naturally over small areas. Mangroves commonly exhibit 
zonation, with red mangrove  Rhizophora mangle  most 
frequently occurring along the coast and black mangrove 
 Avicennia germinans  dominating in the interior of islands or 
landward side of coastal mangroves. Th ough litter of a cer-
tain species is generally concentrated in the zone where that 
litter occurs, tidal fl ushing can move litter from all dominant 
mangrove species, thereby rendering litter mixtures common 
across the intertidal zone. Th us, it is likely that co-occurring 
mangrove species, via their varied litter quality, have diff er-
ential impacts on the growth of seedlings outside their own 
species. In particular, red mangrove litter may commonly be 
 ‘ washed into ’  the black mangrove zone. Th e magnitude of 
tidal inundation determines the frequency of litter mixture 
but also the importance of litter as a nitrogen source for man-
groves and adjacent ecosystems (Twilley et al. 1986). Because 
these forested wetlands serve as fi sh nurseries for adjacent 
coral reefs (Mumby et al. 2004), stabilize coastlines, and 
provide important terrestrial inputs of energy and nutrients 

to off shore ecosystems (Granek et al. 2009), understanding 
potential feedback infl uences on plant productivity and 
ecosystem regeneration is essential. 

 In this study we investigated how mangrove litter identity 
and diversity aff ect mangrove seeding growth and stoichi-
ometry in mesocosms containing seedlings, sand, microbial 
inoculum and litter. By using sand as a substrate and deion-
ized water, we were able to remove all exogenous nutrient 
inputs other than those available to seedlings via litter and 
stored propagule resources. Although the species used in 
this study are halophytes, they grow equally well in fresh-
water. Th is study ’ s novelty lies in our integrative approach, 
linking plant community composition to microbially-
mediated decomposition and resultant seedling productiv-
ity. We address the following questions: 1) does mangrove 
litter identity infl uence mangrove seedling growth? 2) Do 
seedlings grow best in the presence of their own litter? 
3) Do mixed-litter additions result in mangrove growth 
that is diff erent from expected growth rates? We hypoth-
esize that black mangrove litter, which has the highest N, 
will decompose fastest, release the most N, and increase 
mangrove seedling growth, regardless of seedling type. We 
hypothesize that mangrove litter mixtures will generate faster 
than expected seedling growth due to a diversity of available 
resources.  

 Material and methods  

 Site description 

 In October 2006, propagules, litter and soil samples were 
collected in Florida from mangrove stands at an island (here-
tofore referred to as T-9) in the Merritt Island National 
Wildlife Refuge near Titusville, and at a mosquito impound-
ment (heretofore referred to as MI-23) in the Avalon State 
Recreation Area on the lagoonal side of North Hutchison 
Island near Ft. Pierce (described in Feller et al. 2003a). Th e 
Merritt Island site was also formerly impounded to control 
mosquito populations. Th e dike surrounding the impound-
ment was removed in 2000 to re-establish a natural hydro-
logical exchange. Mangrove forests at the former mosquito 
impoundment MI-23 were reconnected to the Indian 
River Lagoon 1974 through a breach and culverts that re-
established hydrological exchange. Propagules were collected 
from both sites in order to ensure 1) a suffi  cient number of 
propagules and 2) phenotypic variation in the population 
of mangroves. Th e mangrove community at both collection 
sites consisted of all three dominant mangrove species: black 
mangrove, white mangrove  Laguncularia racemosa , and red 
mangrove. Propagules and litter from all three species were 
collected at each site and combined.   

 Mesocosm design and material collection 

 Mesocosms were comprised of pots containing germinants, 
sand, inoculum and litter. Seven germinants of each man-
grove species (n  �  7) were exposed to each of the seven litter 
treatments for a total of 98 plant – litter mesocosms (49 for 
black mangroves and 49 for red mangroves). Sand-only (2), 
plant only (n  �  7 for each mangrove species), and litter-only 
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controls (n  �  3 for each treatment) were also included in the 
experiment (135 pots total). 

 Mangrove propagules, which undergo development from 
fl ower to germinated seedling while still attached to adult 
trees, were collected by hand from  � 30 individual black, 
white, and red mangrove trees at both T-9 and MI-23. 
Mature propagules were chosen that were ready to abscise. 
A subset of these propagules was planted at the Smithso-
nian Environmental Research Center (SERC) in Edgewater, 
Maryland. White mangrove propagules had an extremely 
low viability rate and thus were removed from the study. All 
propagules were weighed and measured for length, and ger-
minants were selected based on a uniform propagule length 
and weight. A subset of propagules was set aside for initial 
nutrient analyses. After eight weeks, germinants (one in 
each pot) were planted in standard one-gallon (3.8 l) nurs-
ery pots fi lled with sterilized sand and grown on tables in a 
greenhouse at SERC. Pots were placed in individual dishes 
( ∼ 0.5 l) of distilled water and water levels in the dishes were 
maintained in order to ensure complete soil saturation. Dis-
tilled water (50 ml) was poured over the litter surface of each 
mesocosm once a week to attempt to simulate tidal fl ush-
ing of the litter and allow for leaching of nutrients to occur. 
Th e initial placement of mesocosms in the greenhouse was 
randomized, and mesocosms were moved to new random 
locations on greenhouse tables monthly over six months of 
seedling growth. 

 We also collected senescent leaf litter from red, black and 
white mangroves from the two mangrove sites described 
above. We only chose leaves for which the abscission layer 
had fully formed, therefore rendering them easy to pluck 
from the tree. Litter was bulked by species and was air-dried 
before being applied to the mesocosms. A subset of each ini-
tial litter type was set aside for nutrient analyses. 

 We collected soil inoculum from MI-23 to insure that 
a native microbial community was available to decompose 
litter in the mesocosms. We collected three soil cores using 
a 30-ml syringe (2-cm  ø ) that had been cut and sharpened 
at the tip, resulting in cores 10 cm deep. We took cores 
25 cm from the base of mangroves in three previously estab-
lished sites in the fringe zone where the litter was collected. 
Because these soils are often saturated, each of these cores 
was a sediment – seawater slurry. We stored soil cores in a 
cooler in the fi eld and then refrigerated them until the inoc-
ulum was applied to the mesocosms. We bulked the three 
soil cores together and added half of each core to 500 ml 
of distilled water to create a soil slurry. Two ml of the slurry 
was added to each litter treatment and plant control. Any 
nutrients added via the soil inoculum were negligible due to 
the dilution with water and therefore would not contribute 
to seedling growth. 

 Ten grams of litter (in all possible mixtures) were 
added to each of the mesocosms. Th is amount of litter was 
determined based on the natural litterfall rate scaled by 
the area of the pot. Th e mangrove litter treatments con-
sisted of red, white, black, red  �  black, white  �  black, 
red  �  white, and red  �  black  �  white litter, and no litter, 
and seven replicates of each treatment were employed. Th e 
initial mass of individual species ’  litter placed on the sand 
was equal to 10 g (air-dried) divided by the number of 
species.   

 Seedling growth measurements 

 Mangrove growth was measured at 3-week intervals over the 
course of the experiment. Multiple parameters of seedling 
growth were measured, including the leaf length of the new-
est fully mature leaf, total leaf number, total seedling height, 
and shoot length and number of leaf nodes. Previous studies 
(Feller 1995) have shown that shoot elongation and inter-
nodal length are the best metrics of mangrove growth. We 
report growth as total shoot length (the sum of all nodes 
and internodes) at the duration of the experiment (Fig. 1) 
but analyzed total shoot length increases over time (obtained 
during each three-week sampling interval) using repeated 
measures analyses. 

 After allowing the seedlings to grow for six months, all 
litter was removed from the sand, minimizing sand con-
tamination as much as possible. We then took a 15 cm deep 
soil core (3 cm  ø ) halfway between plant main stem and the 
edge of pot. Leaves were harvested before cutting off  the 
top (shoot) of the plant at the level where it transitioned 
between above- and below-ground. Sand was rinsed from 
seedling roots using a 1 mm sieve to minimize loss of small/
fi ne roots. Roots, leaves and stems were oven-dried at 65 ° C 
and weighed separately. Stems and leaf samples were bulked 
together for shoot analyses.   

 Litter decomposition and nitrogen release 

 Litter was removed from the sand and rinsed over a size 4 
sieve to remove sand particles. Litter was dried at 65 ° C for 
24 h and weighed. Proportion mass loss is calculated as ini-
tial mass minus fi nal mass loss divided by initial mass loss. 
Expected mass losses for mixed litters are determined by cal-
culating the average mass loss of the two component litters 

  Figure 1.     Total mangrove seedling shoot length (cm) in response to 
single litter treatments. Error bars indicate standard error. Th e left 
panel shows black mangrove  Avicennia germinans  growth in 
response to no litter (NL), black (B), red (R) and white (W). Th e 
right panel shows red mangrove  Rhizophora mangle  growth in 
response to the same treatments. Diff erent letters above bars indi-
cate signifi cant diff erences at p  �  0.10 (black mangrove) and 
p  �  0.01 (red mangrove) determined by post hoc contrasts.  
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of 68.63 (SE  �  2.20) and 87.88 (SE  �  1.70), respectively. 
Black mangrove litter had an average initial N concentration 
of 0.75%. Red mangrove litter had initial [N] of 0.65% and 
white had litter with 0.44% [N].   

 Seedling growth 

 Black mangrove seedling growth, as measured by total 
shoot length, was signifi cantly diff erent over the course of 
the experiment (repeated measures) due to litter treatment 
(all mixed and single litter treatments, model p  �  0.03, 
F  �  2.53, DF  �  7, litter treatment p  �  0.03. Time was a 
signifi cant factor (p  �  0.0001), but there was no signifi cant 
time by treatment interaction. Black mangrove seedling 
growth over the course of the experiment was signifi cantly 
impacted by single species litter treatments (repeated mea-
sures p  �  0.075, F  �  2.67, DF  �  3; Fig. 1A). Post hoc con-
trasts showed that black mangrove seedlings growing in red 
mangrove litter had signifi cantly higher average growth than 
those growing black mangrove litter (their own, p  �  0.06), 
thereby providing evidence for a negative plant-litter feed-
back. Th e feedback ratio of home growth to away growth 
for black mangroves is 0.63. Shoot elongation was larger for 
black mangroves growing in red litter vs. no litter (p  �  0.01). 
Black mangrove seedlings exposed to mixed litter did not 
grow diff erently than those growing in single species litter 
(p  �  0.15). However, the among-pairs analysis showed that 
seedlings growing in mixtures of white and black mangrove 
litter grew signifi cantly faster than the expected growth rate 
for this litter combination (p  �  0.08). A follow-up t-test 
showed that observed growth was signifi cantly higher than 
expected growth for black mangrove seedlings growth in the 
white – black litter mixture (p  �  0.05; Fig. 2A). 

 Red mangrove seedling growth (as measured by shoot length) 
diff ered due to litter treatment over the course of the experi-
ment (model p  �  0.0001, F  �  5.98, DF  �  7, litter treatment 
p  �  0.0001). Th ere were signifi cant time and time  �  treatment 
interactions. Red mangrove seedling shoot length was signifi -
cantly impacted by the presence of the diff erent single species 
litter treatments (repeated measures p  �  0.001, F  �  12.05, 
DF  �  3; Fig. 1B). Post hoc contrasts showed that red man-
grove seedlings growing in black mangrove litter have signifi -
cantly higher growth that seedlings growing in their own (red 
mangrove) litter (p  �  0.01), providing evidence for a negative 
plant – litter feedback. Th e feedback ratio of growth in their own 
litter divided to growth in black mangrove litter is 0.77. Red 
mangroves growing in black litter also grew faster than those 
growing in no litter (p  �  0.0001) or in white mangrove litter 
(p  �  0.01), Red mangrove seedling growth was not signifi -
cantly diff erent from expected when seedlings were grown in 
mixed litter (p  �  0.26; Fig. 2B).   

 Seedling biomass 

 Litter treatments had no signifi cant eff ect on stem biomass, 
leaf biomass, shoot biomass or total biomass for either spe-
cies of mangrove seedling. Black mangrove seedling roots and 
root:shoot ratios were not signifi cantly changed due to litter 
treatment. However, red mangrove seedling root biomass 
was altered by litter amendments (p  �  0.001, F  �  10.03, 
DF  �  8; Table 1). Red mangrove seedlings growing in black 

in the mixture. Nitrogen release from litter was determined 
by subtracting fi nal % N from initial % N and dividing the 
diff erence by initial % N.   

 Chemical analyses 

 Seedling shoot (leaves and stems) and root tissues and 
mesocosm litter were ground to a fi ne powder using an 
IKA grinding mill. Concentrations of carbon (C) and N in 
ground tissue, litter, and mesocosm sand were determined 
with an elemental analyzer. A subset of propagules (10 per 
species) and initial litter (three subsamples per species) were 
also oven-dried, ground with the IKA mill and analyzed for 
C and N concentrations.   

 Statistical methods 

 Total shoot length (an index for growth) for each species 
(red and black mangrove) was analyzed using repeated-
measures MANOVA with time and litter treatment as the 
main eff ects. In a separate analysis, the impact of single spe-
cies litter treatment on total growth over the course of the 
experiment was examined using repeated measures ANOVA 
and post hoc contrasts were performed to examine the diff er-
ences between the various single litter treatments. Feedback 
ratios were calculated by dividing total growth (shoot elon-
gation) in home litter by total growth (shoot elongation) in 
away litter (Brinkman et al. 2010). 

 Expected growth rates of seedlings exposed to mixed lit-
ter were calculated using the average growth rate of seedlings 
(shoot length) exposed to each component litter. Two indi-
vidual seedlings were paired (e.g. a black mangrove seedling 
with red mangrove litter and a black mangrove seedling with 
black mangrove litter) randomly to calculate these expected 
growth rates. Diff erences between expected and observed 
seedling growth rates were analyzed using matched pairs 
t-tests. 

 Total biomass of roots and shoots within each seedling 
experiment (red mangrove and black mangrove) was ana-
lyzed using ANOVA with initial propagule weight as a cova-
riate. A student ’ s t post hoc test was performed to compare 
the impacts of the various litter treatments on seedling bio-
mass. Total [N] and C:N of individual biomass components 
were analyzed using ANOVA. All univariate statistics were 
performed using JMP IN 5.1 (SAS Inst., Cary, NC, USA). 
Statistical signifi cance was determined at  α   �  0.1. 

 Litter treatment infl uences on litter mass loss, % of initial 
litter N released, and total N mass released were analyzed 
using a one-way ANOVA within each seedling experiment 
(red mangrove and black mangrove). Th e observed mass loss 
and N release of litter mixtures was compared to expected 
mass loss of litter mixtures using post hoc contrasts.    

 Results  

 Initial litter C:N 

 Black mangrove litter applied in the mesocosm experiment 
had the lowest average C:N at 59.13 (SE  �  0.57). Red man-
grove litter and white mangrove litter had average C:N ratios 
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  Table 1. Plant tissue stoichiometry and growth allocation patterns after six months of exposure to litter treatments. Average plant shoot C:N, 
root C:N, shoot biomass, root biomass and root:shoot ratios are shown for both seedling species exposed to all litter treatments. Litter com-
ponents are indicated by a single letter or a combination of letters representing the three mangrove species: R (red mangrove), B (black 
mangrove), W (white mangrove). Seedlings exposed to the  ‘ No litter ’  treatment were grown in sand without any litter added. An ( ∗ ) at the 
beginning of a row indicates that the seedling is growing in its own or  ‘ home ’  litter. Superscripted letters next to average values indicate 
signifi cant differences at p  �  0.05. Comparisons were only made between treatments applied to the same mangrove species.  

Shoot C:N Root C:N Shoot biomass Root biomass Root:shoot

 Black mangrove 
No litter 32.32 (2.43) 37.73 (6.38) 0.54 (.06) 0.30 (.05) 0.54 (.04)
R 40.61 (2.29) 54.03 (2.92) 0.57 (.11) 0.42 (.06) 0.78 (.08)
B * 34.57 (3.63) 47.69 (6.22) 0.33 (.09) 0.23 (.07) 0.48 (.14)
W 39.73 (0.50) 53.41 (4.15) 0.53 (.09) 0.53 (.10) 0.69 (.19)
RB 36.36 (2.15) 48.01 (5.98) 0.65 (.08) 0.44 (.05) 0.69 (.07)
RW 22.73 (2.15) 51.24 (2.97) 0.58 (.07) 0.41 (.05) 0.72 (.06)
WB 39.33 (3.37) 47.67 (3.59) 0.58 (.08) 0.44 (.06) 0.85 (.15)
RWB 36.72 (1.26) 53.93 (4.67) 0.49 (.12) 0.36 (.11) 0.61 (.13)

 Red mangrove 
No litter 70.24 (2.99) 63.76 (2.15) 5.76 (.31) 0.58 (.06) a 0.10 (.01) a 
R * 75.03 (2.65) 65.20 (2.09) 6.23 (.83) 0.88 (.14) b 0.14 (.01) b 
B 75.93 (4.85) 74.34 (3.91) 5.40 (.58) 1.05 (.10) c 0.23 (.06) b 
W 82.11 (1.80) 69.17 (1.83) 6.12 (.56) 0.94 (.08) bc 0.15 (.00) b 
RB 81.00 (2.65) 71.29 (3.12) 7.26 (.11) 1.08 (.11) bc 0.15 (.01) b 
RW 82.24 (2.72) 70.32 (2.03) 5.98 (.07) 0.89 (.07) bc 0.15 (.01) b 
WB 77.10 (4.90) 66.90 (2.85) 6.45 (.47) 1.00 (.11) bc 0.15 (.01) b 
RWB 74.64 (2.69) 66.85 (2.62) 6.86 (.72) 1.02 (.14) bc 0.15 (.01) b 

  

Figure 2.     Average mangrove seedling growth (total shoot length) in response to mixed litter treatments. Error bars indicate SE. Th e left 
panel shows black mangrove growth in response to all possible mixtures and the right panel shows red mangrove growth in response to all 
possible mixtures. Th e components of the litter mixtures are indicated by combinations of single letters representing the three mangrove 
species: R (red mangrove), B (black mangrove), W (white mangrove). Th e ( ∗ ) indicates a signifi cant diff erence at p  �  0.05.  

mangrove litter had signifi cantly more root biomass than 
those growing in red mangrove litter (p  �  0.05; Table 1). 
Further, red mangrove seedlings growing in no litter had 
signifi cantly lower root biomass than all other treatments 
(p  �  0.05) and had a lower root:shoot ratio than seedlings 
amended with litter (model p  �  0.07, post hoc p  �  0.05).   

 Seedling stoichiometry and soil nutrients 

 Th e C:N ratio of black mangrove seedlings shoots or roots 
was not signifi cantly altered by litter treatment. However, the 
C:N ratio of red mangrove shoots and roots were marginally, 

though not signifi cantly, changed by litter treatments. Th e 
no litter treatment yielded somewhat lower C:N ratios of red 
mangrove shoots (p  �  0.12; Table 1). Red mangrove seedlings 
growing in black mangrove litter had higher root C:N than 
those growing in red mangrove litter or no litter (p  �  0.11). 
Nitrogen levels in mesocosm soils were measured but were so 
low that they were undetectable by the CHN analyzer.   

 Litter decomposition 

 Litter type had a signifi cant impact on litter mass loss in black 
mangrove mesocosms (p  �  0.0004, F  �  5.75, DF  �  6) and 
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(p  �  0.024, F  �  2.95, DF  �  6) and red mangrove meso-
cosms (p  �  0.10, F  �  1.86,DF  �  6). Post hoc tests showed 
that there was no signifi cant diff erence between red and black 
litter in total N mass released in black mangrove mesocosms 
or in red mangrove mesocosms, despite the large diff erences 
in percent of initial N released (Fig. 4A). Red – black litter 
mixtures released signifi cantly more N mass than red – white 
and white – black litter mixtures in black mangrove meso-
cosms (p  �  0.05; Fig. 4A). In the red mangrove mesocosms, 
white litter released signifi cantly less total N mass than all 
other litter treatments (p  �  0.05; Fig. 4B).    

 Discussion 

 Th is study provides evidence that litter identity can strongly 
infl uence growth of mangrove seedlings, implicating plant-
litter feedbacks as a driver of seedling productivity. We found 
that two species of mangrove seedlings grew fastest when 
supplied litter from a diff erent mangrove species, though 
biomass accumulation and stoichiometry were independent 
of changes in growth. Both red and black mangrove seed-
lings exhibited faster growth in each other ’ s litter, generating 
an  ‘ away-fi eld advantage ’ , (i.e. negative feedback) at least for 
these two species. Th is tendency to grow best in other spe-
cies litter is opposite what would be expected considering 
the more commonly found  ‘ home-fi eld advantage ’  in litter 
decomposition (Gholz et al. 2000, Ayres et al. 2009). Th ese 
results, taken together, seem to indicate a consistent  ‘ litter 
from another species yields faster growth ’  pattern in this eco-
system. Th is interesting twist on a plant – soil feedback raises 
the question: why do mangrove seedlings benefi t from the 
presence of organic matter from another species? 

 Nitrogen release alone does not seem to explain litter-
driven alterations of mangrove seedling growth because total 
mass of N released from black and red litter was equal in 
both mesocosm types, despite large diff erences in initial [N] 
and decomposition rate. Black mangrove litter has higher 

red mangrove mesocosms (p  �  0.003, F  �  4.13, DF  �  6; 
Fig. 3). Post hoc contrasts determined that red mangrove 
litter decomposed 67% slower than black mangrove litter 
in black mangrove mesocosms and 22% slower than black 
mangrove litter in red mangrove mesocosms (p  �  0.05). 
Plant type also signifi cantly impacted litter decomposition. 
Litter decomposing beneath black mangroves had signifi -
cantly lower mass loss than litter decomposing beneath red 
mangroves (p  �  0.01). However, there was no signifi cant 
interaction between plant type and litter type in determining 
litter decomposition rate. Mixed red–black litter decomposed 
more quickly than expected in black mangrove mesocoms 
(p  �  0.05) and was the only litter mixture that decomposed 
signifi cantly diff erent from expected rates according to post 
hoc contrasts. White – black litter mixtures seemingly decom-
posed more rapidly than expected, but this diff erence may 
not be statistically signifi cant due to a lack of power.   

 Nitrogen release from litter 

 Litter treatments signifi cantly diff ered in the proportion 
of initial N released from litter in both black mangrove 
mesocosms (p  �  0.001, F  �  5.16, DF  �  6; Fig. 4A) and 
red mangrove mesocosms (p  �  0.06, F  �  2.18, DF  �  6; 
Fig. 4B). Post hoc contrasts showed that red mangrove lit-
ter signifi cantly released a higher percent of initial N than 
black mangrove litter (p  �  0.05) and white mangrove lit-
ter (p  �  0.001) in black mangrove mesocosms despite lower 
decomposition rates. In black mangrove mesocosms, red 
mangrove litter N released signifi cantly more N than white 
mangrove litter but did not diff er from black mangrove lit-
ter N release. Th ere were no signifi cant diff erences between 
observed and expected N release values for either mesocosm 
type. In order to understand the total mass of N available to 
the seedlings, we calculated N mass loss (((initial % N  �  ini-
tial mass)  –  (fi nal % N  �  fi nal mass)) / (initial % N  �  initial 
mass)) (Classen et al. 2007). Litter treatment signifi cantly 
infl uenced total N mass released for both black mangrove 

  

Figure 3.     Average mass loss from litter in black mangrove and red mangrove mesocosms. Error bars indicate SE and litter types are indicated 
on the x-axis. Th e components of the litter mixtures are indicated by combinations of single letters representing the three mangrove species: 
R (red mangrove), B (black mangrove), W (white mangrove). Signifi cant diff erences between litter treatments are reported in the text.  
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 species may diminish the  ‘ inoculation effi  ciency ’  of the 
mesocosms with root pathogens and other organisms that 
could decrease growth. 

 Th ere has been a substantial amount of research inves-
tigating the establishment and survival of mangrove seed-
lings. Rabinowitz (1978) saw higher survival and growth 
rates of mangrove seedlings in zones dominated by a dif-
ferent mangrove species. Smith (1987) found that multiple 
mangrove species grew best in areas not dominated by con-
specifi cs. McKee (1995b) found that transplanted black 
and red mangrove seedlings grew equally well in the black 
mangrove zone and that young red mangrove seedlings sur-
vived at the same rate as black mangrove seedlings in the 
red mangrove zone. Th ese fi ndings seem to lend support to 
our experimental results on seedling growth. A theoretical 
framework for these patterns may be found in the work of 
Janzen and Connell. Janzen (1970) predicted that in the 
tropics seedling survival should increase with distance from 
the parent plant. Connell (1971) hypothesized that seedling 
survival is higher with distance from a parent because spe-
cialist herbivores (common in the tropics) are less likely to 
locate the seedling. For mangrove seedlings, the importance 
of distance from a conspecifi c is likely accentuated due to 
the propensity of propagules and litter to  ‘ raft ’  in the water 
and travel long distances. Because mangroves often exhibit 
strict zonation, it is likely that propagules and litter often 
settle in a zone dominated by a diff erent species. Th us, per-
haps seedlings are adapted to growing in the presence of lit-
ter from other species, especially for inland mangroves such 
as black mangroves. Th ough the above-mentioned patterns 
are interesting, zonation in mangroves is still maintained 
in most mangrove ecosystems. Th erefore, litter movement, 
rather than propagule movement, may be more important 
in determining the productivity of seedlings and resultant 
mangrove stands. 

 Th ough growth was signifi cantly altered by litter treat-
ment, most biomass and stoichiometric parameters did not 

initial [N] than red mangrove litter and decomposes more 
rapidly (Fig. 3A – B) seemingly generating a more nutritive 
environment and stimulating red mangrove seedling growth, 
as predicted. However, black mangrove litter released signifi -
cantly less initial N than red mangrove litter (Fig. 4A – B) 
potentially due to N locked up in salt excreting enzymes 
such as the N-rich osmolyte glycine betaine (Popp et al. 
1985). Despite lower litter quality (i.e. lower initial [N]) 
and slower litter decomposition, red mangrove litter released 
the same amount of N, and perhaps at a steadier rate. Per-
haps black mangrove seedlings may grow more rapidly in 
red mangrove litter because this litter provides a more stable 
source of nutrients than its own litter. Due to its higher C:N, 
red mangrove litter may act as slow-release fertilizer for black 
mangrove seedlings, whereas low C:N black mangrove litter 
may produce a pulse of N. McKane et al. (1990) have shown 
that plants adapted to low nutrient availability are not able 
to effi  ciently acquire pulses of nutrients. Black mangroves 
often exist in low N environments (Feller et al. 2003b) and 
therefore may not have the root system capacity to exploit 
the N pulses provided by their own litter. Alternatively, if 
nutrient limitation drives these patterns, it is possible that 
another nutrient or resource is limiting to mangrove seedling 
growth. 

 As mentioned above, there have been many studies docu-
menting negative plant–soil feedbacks (Bever 1994, Kardol 
et al. 2007, van Grunsven et al. 2010. Mangan et al. 2010). 
Our fi nding that conspecifi c litter can stunt growth of man-
grove seedlings suggests a negative plant – litter feedback. 
In plant – soil feedbacks, organisms pathogenic to juvenile 
plants can be introduced via soil inoculum cultured under 
a conspecifi c plant (van der Putten et al. 2001). In our sys-
tem, organisms pathogenic to mangrove seedlings may be 
introduced via litter from the same species and/or soil inocu-
lum. Th ough all seedlings were inoculuated with the same 
soil inoculum, there may be an interaction between litter and 
soil organisms. For example, litter from a diff erent mangrove 

  

Figure 4.     Average proportion of initial nitrogen released from litter in black mangrove (left panel) and red mangrove (right panel) meso-
cosms. Error bars indicate standard error and litter types are indicated on the x-axis. Th e components of the litter mixtures are indicated by 
combinations of single letters representing the three mangrove species: R (red mangrove), B (black mangrove), W (white mangrove). Posi-
tive numbers indicate N release from litter while negative values indicate N immobilization into litter. Signifi cant diff erences between litter 
treatments are reported in the text.  
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we encourage further research into plant-soil feedbacks in 
mangrove and other estuarine systems, where tidal movement 
commonly generates plant exposure to litter from various 
species.         
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