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Abstract 
 

Crabs can positively affect the primary productivity of mangrove 
ecosystems by litter consumption and nutrient recycling, while more 
recently also the presumably negative impacts through leaf herbivory 
have been acknowledged. However, the question whether the 
combination of mangrove vegetation-crab interactions leads to 
consistent net positive or negative impacts on primary productivity 
remains unanswered. We used mesocosms with monocultures of four 
different mangrove plant species, prevailing along a gradient of 
disturbance to which either no crabs or individuals of two different crab 
species (Episesarma singaporense from disturbed areas and 
Perisesarma indiarum from undisturbed areas) were added to examine 

this double role. The presence of crabs more than tripled the relative 
decomposition rates of leaf litter, although the actual enhancement 
depended on the crab-plant species combination). Episesarma 
singaporense caused higher herbivory on all mangrove species 
compared to Perisesarma indiarum. The amplification of litter 
decomposition did not significantly raise soil nutrient availability and did 
not necessarily translate into increased relative growth rates (RGRs): 
For Rhizophora apiculata, (typically undisturbed mangrove 

ecosystems), the relation between litter decomposition and RGR 
depended on the crab species identity, while growth of Bruguiera 
parviflora (from relatively undisturbed mangrove ecosystems) and 
Derris trifoliata (from increasingly disturbed conditions) showed no 

response at all. Leaf damage never translated into decreased leaf 
biomass increments, while it decreased stem biomass in Derris trifoliata 
and increased stem growth for Avicennia alba (of relatively undisturbed 
conditions). This study shows for the first time how the species-specific 
impacts of crabs on litter decomposition and leaf herbivory of mangrove 
plants translates into impacts on plant productivity. These species-
specific integrated impacts are partly explained by the differential 
strategies in response to disturbance of the plant and crab species 
involved. This suggests the importance of maintaining crab diversity to 
aid restoration of mangrove ecosystems worldwide.   

 
Keywords: Mesocosm, litter decomposition, mangrove herbivory, 
nutrient recycle, relative growth rate, biomass increment, Derris 
trifoliata, Avicennia alba, Episesarma singaporense. 
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1. Introduction 

Mangrove ecosystems provide important ecosystem services to human society (Giri et 

al. 2008, Nanjo et al. 2014, Buelow 2015, Giri 2015, Salampessy 2015, Tenorio 2015). 

Mangrove forests provide medicines (Sithranga Boopathy 2011), fuel, food and building 

materials (Ewel 1998, Zavalloni 2014), reduce coastal erosion and protect the coast 

against tsunamis and hurricanes (Kathiresan 2005, Alongi 2008). Many of these services 

provided by mangrove forest communities depend on the productivity of the mangrove 

trees involved (Cox and Allen 1999, Clarke and Kerrigan 2000, Ashton 2002). This 

dependency on productivity e.g. applies to the provision of shelter, storage of carbon, 

maintenance of water quality and nutrient cycling (Norby et al. 2001, Buillon et al. 2002, 

Bosire et al. 2008, Alongi and Mukhopadhyay 2014).  

Through their feeding activities on living plant material and litter, mangrove crabs are 

thought to play a pivotal role in indirectly determining the productivity and biomass of 

mangrove vegetation. The ecological importance of mangrove crabs was first hinted 

when studies revealed that mangrove crabs play a significant role in removing and 

consuming considerable proportions (57% to 79%) of the daily mangrove leaf litter 

production (Robertson 1986, Lee 1989, Robertson and Daniel 1989). This litter is 

returned to the environment as more fine faecal material (Malley 1978) ready for further 

assimilation by detritus feeders (Lee 1997) and mineralization by microbial community, 

which in turn make nutrients available for the growth of mangrove vegetation. Mangrove 

crabs therefore potentially generate a positive feedback loop to the system in terms of 

faster energy flows and nutrient cycles.  

Contrary to common belief, crab grazing on living green mangrove leaves also appears 

to be a common phenomenon (Beever III et al. 1979, Farnsworth 1991, Erickson et al. 

2004, Thongtham et al. 2008). In some cases, crabs even had a preference to certain 

green mangrove leaves over senescent leaves (Ashton 2002). Such herbivory, if 

occurring widely, would imply a potentially negative impact of mangrove crabs on tree 

biomass and may potentially reduce mangrove photosynthetic capacity and decrease 

mangrove productivity. On the one hand, by grazing on the still intact leaves, crabs 

readily return resources to the system as faecal material to maintain mangrove primary 

productivity. Unfortunately, so far, herbivory of mangrove leaves by crabs has not been 

studied in connection to energy flows and nutrient cycling in mangrove ecosystems. 
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The question whether positive (through increased litter decomposition) and negative 

(through herbivory) mangrove vegetation-crab interactions lead to a consistent net 

positive or negative impact on the productivity of mangrove ecosystems thus remains 

unanswered. Smith et al. (1991) found that reducing the mangrove crabs densities in a 

Rhizophora dominated forest decreased forest productivity and growth. In contrast, in a 

mesocosm experiment, Kristensen (2006) found that Avicennia marina saplings grew 

more leaves and pneumatophores in the presence of Uca vocans compared to plots 

without crabs. In these two experiments (Smith III et al. 1991, Kristensen and Alongi 

2006), the positive impacts of mangrove crabs had been related to their burrowing 

activities, stimulating biogeochemical processes of nutrients mineralization. These 

studies did not consider the possible positive or negative impacts of mangrove crab 

feeding on mangrove litter or living leaves. These latter  impacts are likely to be highly 

species-specific as feeding preferences of crabs as well as plant deterrents against crab 

herbivory have been shown to be strongly crab species specific as well as plant species 

specific (Ashton 2002, Erickson et al. 2003, Nordhaus and Wolff 2007, Erickson et al. 

2012). The net balance of the mangrove plant-crab interactions may thus turn out to be 

highly species-specific too. 

Therefore, the aim of this study was to unravel the possible positive or negative impacts 

of crabs in mangrove ecosystem productivity. We asked whether (i) different mangrove 

crabs differently increase the decomposition rate of leaf litter of different plant species 

and differently graze and damage green productive leaves, (ii) these different roles 

translate into different soil CO2 fluxes and soil nitrogen availability, and (iii) mangrove 

crabs increase or decrease the relative growth rate and net productivity of mangrove 

vegetation.  

We hypothesized that (i) different mangrove crabs differently enhance the decomposition 

rate of different leaf litters and damage different amounts of green leaves, (ii) mangrove 

crabs differently increase soil CO2 fluxes and soil nitrogen availability, (iii) and that 

mangrove crabs increase relative growth rate of mangrove vegetation, but that the net 

balance on net productivity will be species dependent. We expected that each of these 

hypothesised differential responses would depend on the strategies of the species 

involved, in relation to disturbance – a major driver of crab and plant species occurrence 

in mangrove ecosystems. To test these hypotheses, we performed a controlled 

mesocosm experiment using saplings of four different mangrove species prevailing 

across a disturbance gradient in a factorial design with two mangrove crab species that 
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differ strongly in their feeding strategy in relation to disturbances of mangrove forest and 

a control treatment without crabs. 

2. Materials and Methods 

2.1. Mesocosms installation  

Around 3000 litres of mangrove soil were collected from Segara Anakan, a severely 

disturbed mangrove forest in Java, Indonesia (Hinrichs et al. 2009), transported to the 

Laboratory of Biology Sanata Dharma University Yogyakarta, cleaned from debris and 

any litter, mixed properly to approach uniformity, and put into 60 mesocosms of 50 litres 

volume. We also collected 100 mature propagules of Rhizophora apiculata, of Bruguiera 

parviflora, of Avicennia alba and of Derris trifoliata with similar size, colour, shape and 

weight for each species to approach similarity in biomass and maturity, and transferred 

them to the laboratory for further treatment. These four plant species had been selected 

as they differ in their dominant presence in the disturbed and the undisturbed mangrove 

areas of Segara Anakan, respectively. Rhizophora apiculata is a typical tree species of 

undisturbed areas, Bruguiera parviflora is the dominant tree species of relatively 

undisturbed areas, Avicennia alba is the co-dominant tree species of both in undisturbed 

and disturbed areas and Derris trifoliata is the dominant species of disturbed areas. On 

the first of November 2011, three propagules of a particular mangrove species were 

planted in each mesocosm filled with mangrove soil. Fifteen mesocosms were prepared 

for each mangrove species. We then arranged this total of 60 mesocosms in a 

completely randomized design of 4 columns X 15 rows in a 60 m
2
 growing chamber 

covered with transparent white plastic nets to prevent insects from attacking the 

mangrove plants. The mesocosms were regularly watered with a mixture of instant 

ocean sea salt with de-mineralized water keeping the salinity of the mesocosms at 25 

mS cm
-1

o approach the optimal growth conditions. On the first of June 2011, three 

months in advance of the treatments, we installed one PVC tube of 9cm in diameter– as 

part of a CO2 collection chamber- into the soil surface in the middle of each mesocosm 

to prevent bias in CO2 fluxes caused by possible root- or soil damage during sample 

collection. All the mangrove propagules grew very well. 
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2.2. Mangrove leaves and mangrove crabs collections for treatment 

In the middle of August 2012, we collected senescent leaves of Rhizophora apiculata, 

Bruguiera parviflora, Avicennia alba and Derris trifoliata to an amount equal to 1000 g 

dry weight for each species, air dried and prepared them for further treatment. We also 

collected 100 crab specimens of Episesarma singaporense and 200 individuals of 

Perisesama indiarum from the Segara Anakan mangrove forest, transported them alive 

to Yogyakarta and let them adapt for 2 week before treatment in two aquaria. During the 

adaptation period, they were fed with leaves of the four mangrove plant species being 

used in the treatment. These two crab species differ in their feeding strategy, with 

Episesarma singaporense predominantly feeding in disturbed areas and Perisesama 

indiarum feeding in undisturbed areas. Incorporating mangrove plants and crabs from 

different habitats and different disturbance prevalence was expected to allow revealing 

the importance of disturbance as a driver of species-specific interactions and their 

impacts on mangrove productivity. 

2.3. Treatment application 

Prior to the treatment application, we evaluated initial biomass by measuring the length 

of stems and branches and the number of leaves of each plant in each mesocosm. We 

subsequently deliberately attributed each mesocosm to a treatment based on its initial 

biomass to approach similar variation in biomass within each plant species for each 

treatment being applied. On the first of September 2012, we put mangrove leaf litter of 

Avicennia alba (to the amount equal to 33.6 g DW, reflecting leaf litter production of this 

species in the field per square meter for 90 days), Bruguiera parviflora (equal to 39.1 g 

DW), Derris trifoliata (equal to 20 g DW), and Rhizophora apiculata (equal to 36.5 g DW) 

into each of the 15 mesocosms planted with the respective species. We then randomly 

put Episesarma singaporense, Perisesarma indiarum or no crab at all (as a control 

treatment) to 5 replicate mesocosms of each mangrove species. To approach equal crab 

biomass for each treatment we put two Episesama singaporense (18 g FW) or four 

Perisesarma indiarum (8 g FW) to each mesocosm. These numbers and weights reflect 

the actual abundance and biomass of these crabs per square meter in the field. To 

prevent the crabs from leaving the mesocosm, we installed transparent plastic walls 

around the mesocosm with aeration holes to keep the breeze. 
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2.4. Measurement of nitrogen availability 

For soil nitrogen availability and mineralisation measurements, we inserted 6 PVC tubes 

of 10 cm length and 1 cm diameter into the soil of each mesocosm prior to the 

experiment, took them out and wrapped each of them in plastic to conserve the initial 

conditions. We immediately retrieved two of them for initial soil measurement and put the 

other four of them back in their original position. We collected two incubated tubes in the 

middle (day 45) and the other two tubes at the end of the experiment (day 90) to 

determine N mineralization. In addition, we took two additional soil samples from each 

mesocosm on days 30, 60 and 90 to determine available nitrogen pools. All soil samples 

were directly extracted for further ammonium and nitrate analysis. Soil ammonium (NH4) 

and nitrate (NO3) were determined using the Nessler method (Nugroho et al. 2005). We 

also sampled soil from each mesocosm in the beginning and in the end of the 

experiment for total soil N and P contents analysis. After a standard Kjeldahl digestion of 

2 g of air-dried soil (Bremner & Mulvaney, 1982), soil N was determined colorimetrically 

by a modified method described by Felker (1977) while total P was determined using the 

colorimetric method of Olsen & Sommers (1982). Total soil N content varied between 

0.12 % to 0.17 %, while total P content varied between 0.022% and 0.030%. 

2.5. Measurements of soil CO2 fluxes, temperature and pH 

CO2 fluxes were measured in the PVC tubes previously installed in the middle of each 

mesocosm. On top of these tubes, a collection chamber of 9 cm in diameter and 1000 ml 

volume was installed. We immediately collected gas from each chamber using a 60 ml 

syringe, sealed the chamber and directly measured the CO2 concentration using a 

Vernier CO2 Gas Sensor-Logger Pro 3.8.2. Four hours later, we again collected gas from 

each chamber through the same procedure and analysed it for CO2 concentration. The 

accumulated CO2 was used to calculate soil CO2 fluxes from each mesocosm. Soil CO2 

fluxes measurements were done in the beginning, in the middle and in the end of the 

experiment. Soil temperature of each mesocosm was measured at the soil surface and 

at 10 depths using a glass mercury thermometer. Soil pore water was collected from 

each mesocosm and measured using a Hanna HI-98107 pH tester at the beginning, in 

the middle and at the end of the experiment. 
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2.6. Mangrove harvest and measurement of C, N, total tannin and total phenolics 

leaf contents 

At day 90 of the treatment, we harvested each mangrove plant and mangrove crab 

species in each mesocosm. First, we collected the mangrove crabs, cleaned them with 

tap water, weighed their fresh weight, put them into separate envelops, put them into the 

refrigerator for 12 hours, then dried them in an oven at 70
o
C for 7 days and recorded 

their dry weight. We also collected the left-over of the added leaf litter of each 

mesocosm, cleaned them with tap water, put them into separate envelopes, dried them 

in an oven at 70
o
C for 7 days and measured their dry weight. Secondly, we harvested 

the mangrove leaves, counted their number, counted the number of leaves damaged 

(more than 25% of leaf area) by crab consumption, put the leaves of each plant in a 

separate envelope, oven dried them at 70
o
C  for 7 days to reach constant dry weight, 

then weighed them for leaf dry weight. We then measured the % C, % N, total tannin (%) 

and total phenolics (%) content of the leaves. Third, we cut mangrove stems at 5 cm 

above the roots and measured the length of each mangrove stem, air dried them, put 

each individual stem in a separate envelope, oven dried them at 70
o
C for 10 days to 

reach the constant dry weight which was dependent on the size of the stem, and 

weighed them for dry weight. 

2.7. Data analysis 

The relative rate of leaf litter decomposition was determined, thus overcoming the 

difference in leaf litter initial weight for each mangrove species. Relative Growth Rate of 

the total number of mangrove leaves (thus including damaged leaves) and the length of 

the stems of each mesocosm was calculated from the length and number increments in 

time (Radford 1967, Hoffman and Poorter 2002) as a measure of productivity (while 

accounting for the differences in initial size). The net biomass increment was 

determined. Initial biomass of leaves and stems were determined from the initial length 

estimates and allometric relationships between length and biomass obtained from the 

control treatments. Based on these estimates, the relative change in mangrove leaf 

biomass and stem biomass was obtained.  

Whenever needed, data were log transformed prior to the analysis to approach 

normality. Two-way ANOVAs with mangrove crab treatment and plant species identity as 

fixed factors were performed to analyse their effects on the relative decomposition rates 



Chapter 5 

 

90 

of leaf litter, the proportion of leaf damage as a result of crab grazing and on the relative 

growth rates and biomass changes of leaves and stems. All analyses were followed by 

TukeyHSD post-hoc tests for each factor. RM-ANOVAs with time as within subjects 

factor and crab treatment and plant species identity as between-subjects factors were 

performed to analyse soil CO2 fluxes, and available nitrogen concentrations followed by 

a pair wise student’s t-test to examine significant differences between factors. 

Generalized Eta-Squared (GES) values were calculated to compare the effect size of 

each factor as resembled in the proportion of variance explained by each factor 

(Bakeman 2005). Finally, we run ANCOVAs to evaluate the impact of crab treatment, the 

relative litter decomposition rates, and the proportion of damaged mangrove leaves as 

respective covariate and their interaction term on the relative growth rates and biomass 

of each mangrove species. All analyses were done in R-project using (lm), (HH) and (ez) 

libraries. 

 

3. Results 

All mangrove plant species grew very well in the mesocosms during the experiment. 

Both crab species, Episesarma singaporense dominantly present in the disturbed 

mangrove areas and Perisesarma indiarum dominantly present in the undisturbed areas, 

created burrows, fed on leaf litter and grazed on green leaves. The average soil 

temperatures were (31 + 2) 
o
C (surface) and (29 + 1) 

o
C (10 cm depth), while the 

average pH of soil water was 7.2 + 0.2 at the beginning, 6.7 + 0.2 in the middle and 6.6 + 

0.3 at the end of the experiment. 

3.1. Mangrove relative decomposition rates and relative leaf damage increased 

significantly in the presence of crabs  

In the absence of mangrove crabs, the relative decomposition rates of leaf litter reached 

as high as 0.021 g g
-1

d
-1

 for Avicennia alba and 0.014 g g
-1

d
-1

 for Bruguiera parviflora 

and as low as 0.008 g g
-1

d
-1

 for Derris trifoliata and 0.005 g g
-1

d
-1

 for Rhizophora 

apiculata. In contrast, in the presence of crabs, the relative decomposition rates of 

mangrove leaf litter on average tripled, while the actual enhancement depended on the 

crab-plant species combination (Figure 5.1A). Hence, significant differences in the 

relative leaf decomposition rates were found between plant species, between crab 

treatments and in the interaction between plant species and crab treatment (Figure 
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5.2A). High Generalized Eta-squared (GES) values for the crab treatment and plant 

species suggested dominant effects of these two factors on the whole decomposition 

process (Figure 5.2A).  

The presence of Episesarma singaporense generated more green leaf damage than 

Perisesarma indiarum across all mangrove plant species (Figure 5.1B). In addition to 

crab treatment, significant differences in the number of damaged green leaves were also 

found due to plant species identity and the interaction between plant and crab species 

(Figure 5.2B). Considerably high GES values for crab treatment, plant species identity 

and their interaction again revealed the importance of these two factors and the possible 

species-specific links between them (Figure 5.2B). Despite the lowest litter 

decomposition rates of Rhizophora apiculata, both in the absence and in the presence of 

mangrove crabs (Figure 5.1A), this species suffered the highest leaf damage in the 

presence of crabs (Figure 5.1B). This result may be connected to the differences in 

chemical properties of the leaf litter compared to green leaves of Rhizophora apiculata 

with lower tannin contents (0.66% vs 1.14%) and phenolic contents (0.12% vs 0.26%) 

(Table 5.1) although overall the concentrations of secondary compounds were low.   

Table 5.1. The averages of total C content (%), total N content (%), total tannin content (%), total 
phenolic content (%) of mangrove leaf litter put within the mesocosm of four different mangrove 
species (Avicennia alba, Bruguiera parviflora, Derris trifoliata, Rhizophora apiculata) and three 
different crab treatments (No crab, Episesarma singaporense, Perisesarma indiarum) in the 
beginning of treatments and the harvested mangrove leaf from the mesocosm in the end of 
treatment. All the standard deviations are below + 0.01. 

  
Plant 

species 
Crab 

treatments 
Harvested green leaves Leaf litter 

Total 
C  

(%) 

Total 
N 

(%) 

Total 
tannin 

(%) 

Total 
phenolics 

(%) 

Total 
C  

(%) 

Total 
N 

(%) 

Total 
tannin 

(%) 

Total 
phenolics 

(%) 

Avicennia 
alba 

No crab 49.92 1.79 1.88 0.26  
57.33 

 
1.49 

 
1.45 

 
0.22 E singaporense 55.10 1.89 1.98 0.22 

P indiarum 57.41 1.89 1.66 0.22 

Bruguiera 
parviflora 

No crab 55.61 2.01 1.65 0.14  
62.31 

 
0.59 

 
1.36 

 
0.19 E singaporense 53.96 1.96 1.58 0.11 

P indiarum 58.87 1.64 1.93 0.14 

Derris 
trifoliata 

No crab 50.35 2.77 1.62 0.63  
50.89 

 
1.45 

 
0.83 

 
0.18 E singaporense 50.40 2.61 1.44 0.67 

P indiarum 49.96 2.53 1.39 0.65 

Rhizophora 
apiculata 

No crab 53.47 1.43 0.62 0.11  
57.14 

 
0.68 

 
1.14 

 
0.26 E singaporense 56.96 1.14 0.74 0.14 

P indiarum 56.10 1.29 0.64 0.11 
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Figure 5.1. The relative leaf litter decomposition rates (A), the relative leaf damage (B), the relative 
leaf number growth rate (C), the relative leaf biomass increments (D), the relative stem length 
growth rate (E) and the relative stem biomass increments (F) of four different mangrove species. Aa 
= Avicennia alba, Bp = Bruguiera parviflora, Dt = Derris trifoliata, Ra = Rhizophora apiculata and 
crab species Es = Episesarma singaporense (disturbed), Pi = Perisesarma indiarum (undisturbed), 
Ctr = Control. Error bars = SEM. 
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Figure 5.2. Results of two-way ANOVA or RM-ANOVA of (A) relative mangrove leaf litter 
decomposition rates, (B) relative mangrove leaf damage, (C) soil CO2 fluxes, (D) soil nitrogen 
availability, (E) mangrove leaf number RGR, (F) mangrove leaf biomass increase, (G) mangrove 
stem length RGR, and (H) mangrove stem biomass increase with Generalized Eta Squared 
indicates effect size of the independent variables.  
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Figure 5.3. Soil CO2 fluxes measurement on four different mangrove species of (A) Rhizophora 
apiculata (undisturbed), (B) Bruguiera parviflora (intermediate), (C) Avicennia alba (intermediate), 
and (D) Derris trifoliata (disturbed) in the beginning, the middle and the end of treatment. Ctr = 
control, Es = Episesarma singaporense, Pi = Perisesarma indiarum. Error bars = SEM. 
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Figure 5.4. Soil ammonium concentration (mg/l) sampled from mesocosms of different crab 
treatments (Es = Episesarma singaporense, Pi = Perisesarma indiarum, Ctr = Control treatment 
without crab) at day 30

th
, day 60

th
 and day 90

th
 of the experiment (n = 5, error bars = standard 

means). 
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Figure 5.5. Soil nitrate concentration (mg/l) sampled from mesocosms of different crab treatments 
(Es = Episesarma singaporense, Pi = Perisesarma indiarum, Ctr = Control treatment without crab) 
at day 30

th
, day 60

th
 and day 90

th
 of the experiment (n = 5, error bars = standard means). 
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Figure 5.6. Effects of litter decomposition rates and crab treatments (Episesarma singaporense = 
red squares; Perisesarma indiarum = blue circles; Control treatment without crab = black triangles) 
with regression lines for mangrove RGRs and biomass increments.  
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Figure 5.7. Effects of leaf damaged and crab treatments (Episesarma singaporense = red squares; 
Perisesarma indiarum= blue circles; Control treatment without crab= black triangles) with regression 
lines for mangrove RGRs and biomass increments. 
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3.2. Soil CO2 fluxes and soil nitrogen availability as affected by litter 

decomposition and crabs 

Soil CO2 fluxes across treatment and mangrove species were low (7 to 43 mg m
-2

 h
-1

) at 

the  beginning of the experiment and increased significantly (40 to 143 mg m
-2

 h
-1

) 

towards the middle and end of the experiment (Figure 5.3). Significant differences in the 

soil CO2 fluxes were found in time, but not in the main effects of crab treatments or plant 

species. However, a significant interaction effect between crab and plant species was 

found (Figure 5.2C). This significant interaction indicated a species-specific impact of 

plant and crab species on CO2 fluxes (Figure 5.3).  

Soil nitrogen mineralisation rates were not affected by treatment, as expected given that 

the tubes for measuring mineralisation were installed prior to the treatments. This 

indicates that the environmental conditions were not affected by the imposed treatments. 

However, soil available nitrogen in the form of ammonium (NH4) was significantly 

different between plant species (P = 0.001), in time (P < 0.001) and for the interaction of 

crab treatment and time (P = 0.04), the latter suggesting crab species-specific impacts 

on nitrogen availability (Figure 5.4). Available nitrogen in the form of nitrate (NO3) 

differed significantly only in time (P < 0.001) and was affected by the interaction between 

plant species and time (P< 0.001). Soil ammonium was high at day-30 and decreased at 

day-60 and increased again at day-90 (Figure 5.4) while soil nitrate steadily increased 

from day-30 to day-90 (Figure 5.5). 

3.3. Mangrove relative growth rates and productivity in the presence and absence 

of mangrove crabs 

The relative growth rates (RGR) of stem length and leaf number varied strongly and 

significantly between different mangrove plant species (Figures 5.1C and 5.1E) with 

Derris trifoliata from disturbed mangrove systems consistently having highest growth 

rates and Rhizophora apiculata from undisturbed mangrove ecosystems the lowest 

across all treatments. No particular pattern appeared among crab treatments. However, 

a significant interaction was found between plant species and crab treatment (Figures 2F 

and 2H).  

Also in terms of the net biomass balance, there were significant differences in the leaf 

and stem biomass increments (Figures 5.1D and 5.1F) among the four different plant 
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species (Figures 5.2G and 5.2I). In this case, no significant differences were found either 

for crab treatment or for the interaction between mangrove and crab treatment for the 

biomass of leaves (Figure 5.2G) while a significant interaction was found for stem 

biomass (Figure 5.2I). Overall, the net balance was positive for Rhizophora apiculata in 

case of Perisesarma indiarum and negative for Avicennia alba in the case of 

Perisesarma indiarum and negative for Derris trifoliata in case of  Episesarma 

singaporense (Figures 5.2G and 5.2I). 

In all of these analyses, GES was highest for the effects of plant species identity, 

followed by the interaction between plant species and crab treatment, while GES for the 

main effect of crab treatment were always lowest. This indicates that plant species-

specific differences in their growth rates (and biomass) were dominant over their 

interactions with crab treatment.  

The ANCOVA analysis, integrating the impacts of relative litter decomposition and other 

crab treatment effects on the RGR of mangrove plant species showed a significant effect 

for crab treatment (P = 0.005) for the RGR stem length of Avicennia alba (Figure 5.6A) 

and there was a tendency (P = 0.055) for higher RGR leaf number of Avicennia alba 

(Figure 5.6B) with increasing relative litter decomposition rates. Significant effects were 

also found for the interaction between the relative litter decomposition and crab 

treatment (P = 0.005) for RGR stem length (Figure 5.6C) and for leaf biomass increment 

of Rhizophora apiculata (P = 0.03) (Figure 5.6D). There was no significant impact of the 

litter decomposition and crab treatment on the RGRs of Bruguiera parviflora, the 

dominant mangrove of the undisturbed areas, and Derris trifoliata, the dominant 

mangrove of the disturbed areas. 

On the other hand, the ANCOVA analysis on the impact of leaf damage and additional 

crab treatment effects on the RGR of mangrove plant species showed significant effects 

of both crab treatment (P = 0.02) and leaf damage (P = 0.03; positively) (Figure 5.7A) on 

the RGR of stem length of Avicennia alba. Significant differences were also found for the 

impact of crab treatments on the RGR of leaf biomass (P = 0.01) of Avicennia alba 

(Figure 5.7B) while no significant effect was found for the interaction between leaf 

damage and crab treatment. For Derris trifoliata, a significant difference (P = 0.04) was 

found for the impact of crab treatment on stem biomass increment (Figure 5.7C) and a 

slightly less significant difference (P = 0.05) was found for its RGR stem length (Figure 

5.7D) with no impacts on leaf number or leaf biomass increment. For Rhizophora 
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apiculata, only a significant difference (P = 0.03) was found for the interaction between 

crab treatment and leaf damage on the RGR of leaf number (Figure 5.7E) showing a 

decrease with increasing damage by Episesarma singaporense and an increase in leaf 

number with increasing damage by Perisesarma indiarum. No significant effects of either 

leaf damage or crab treatment were found on biomass increments of Rhizophora 

apiculata.  For Bruguiera parviflora, there was only the tendency (P = 0.06) of an 

interaction between leaf damage and crab treatment on RGR stem length, with stronger 

negative impacts by leaf damage for Perisesarma indiarum (Figure 5.7F). 

4. Discussion 

Our mesocosm experiment proved that mangrove crabs play counteracting roles in 

affecting mangrove primary productivity through enhanced nutrient supplies by litter 

consumption on the one hand and reduced leaf biomass by herbivory on the other hand. 

This study allowed simultaneously analysing each role, while at the same time 

examining their impacts on soil nutrient and carbon dynamics and ultimately their 

impacts as reflected in relative growth rates and biomass increments of mangrove 

plants. Interestingly, while we found strong and generic effects of mangrove crabs on 

litter decomposition and leaf damage, no such generic impacts was found in the RGR 

and biomass increments. No impacts on growth or biomass were observed for the 

dominant plant species present in relatively undisturbed areas, Bruguiera parviflora, and 

the dominant mangrove present in the disturbed areas, Derris trifoliata. A positive impact 

through enhanced litter decomposition was found for the co-dominant species Avicennia 

alba (a species with an acquisitive strategy) whereas the net effect depended on crab 

species identity for the less dominant species of undisturbed areas with a more 

conservative strategy, Rhizophora apiculata. On the other hand, while the direct effects 

of crabs herbivory on leaf biomass were limited, indirect positive and negative responses 

(depending on plant species identity) were found for stem growth. In the remainder of 

this article, we will discuss the significance of the two pathways affecting mangrove 

productivity and their possible impacts for mangrove ecosystem functioning, especially in 

relation to disturbance effects.  

4.1. Role 1: nutrient recycling by means of leaf litter decomposition 

Mangrove ecosystems are known as nutrient-poor ecosystems because they are 

continuously exposed to possible litter removal through daily tidal currents (Alongi, 2002; 
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Twilley, 1986). A fast nutrient recycling by litter decomposition and the occlusion of litter 

in the system (e.g. by crab burrowing activities) is therefore generally considered as 

being important to maintain vegetation growth and productivity (e.g. Alongi, 2011). 

Previous studies reported crabs feeding on mangrove leaf litter (Chen and Ye, 2008; 

Imgraben and Dittmann, 2008: Nordhaus, 2011) yet simultaneous data on the impacts of 

altered litter decomposition, presumably through enhanced nutrient cycling, on primary 

productivity as reflected in RGR and biomass increments was lacking so far.  

Our results support the first hypothesis that mangrove crabs significantly and differently 

enhanced litter decomposition of the four different mangrove species grown in the 

mesocosms. Episesarma singaporense enhanced litter decomposition for all plant 

species except for Derris trifoliata. The latter lack of response was quite surprising, given 

that Episesarma singaporense was dominantly present in the disturbed mangrove areas 

dominated by Derris trifoliata and given the relatively low tannin and phenolics contents 

of Derris trifoliata (Table 5.1).   

In addition, it was interesting that the consistently enhanced litter decomposition did not 

lead to consistent responses in plant productivity as reflected in their RGRs and biomass 

increments. Instead, crab species identity seemed to affect the productivity response to 

enhanced litter decomposition, particularly for Rhizophora apiculata and to some extents 

also in Avicennia alba. Together, these results –over a 90 days period- suggest that 

enhanced litter decomposition per se is not sufficient to enhance growth of mangrove 

plant species. The presumed positive feedback (Micheli 1991, Ashton 2002, Sanches-

Andres 2010) on primary productivity of mangrove plant species is thus not necessarily 

generated. Instead, species-specific mangrove plant-crab species relations likely 

determined the extent to which recycling of the belowground litter is reflected in impacts 

on the aboveground primary production.  

4.2. The impacts of litter decomposition on CO2 fluxes and available soil nitrogen 

In our mesocosm experiment, we measured both CO2 fluxes (as a measure of total soil 

respiration) and nutrient availability in order to gain more understanding of the 

belowground recycling processes. Our results showed that the increase in 

decomposition rates in the presence of crabs was not reflected in an increase in CO2 

fluxes (Figures 5.1A and 5.3). In fact, only for Avicennia alba (the only species for which 

a significant litter decomposition-growth relationship was found), CO2 fluxes were 
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significantly higher in the presence of crabs. In all other species no significant increase 

was found and even a suggestion of a lower CO2 release occurred, indicating that 

enhanced fragmentation and decomposition by crabs does not necessarily stimulate 

overall soil microbial activity. This was consistent with the lack of generic responses in 

soil nutrient availability in the presence of crabs. Instead, soil available nitrogen was in 

general higher in the control mesocosms compared to those with crab presence. This 

indicates that decomposition enhancement by mangrove crabs did not necessarily 

increase soil available nitrogen or that decomposition enhancement by crabs was 

followed by immobilization by the microbial community (Rivera-Monroy and Twilley 1996; 

Temblay and Benner 2006). Also in the case of soil nitrogen availability, crab species-

specific impacts were found. 

Because of this discrepancy in patterns for CO2 flux, soil nutrient availability and relative 

decomposition rates, we determined the potential contribution of litter carbon loss to the 

total soil CO2 flux and found it contributed maximally 1.2% to the soil CO2 flux. This 

indicates that most CO2 was generated from soil organic matter mineralization, as 

suggested by Leopold (2013). The increased CO2 flux in Avicennia alba might thus be 

related to a stimulation of soil microbial activity in the presence of Avicennia alba litter, 

i.e. to a priming effect (Dalenberg and Jager, 1981; Degen and Sparling, 1996; 

Kuzyakov  et al., 2000), whereas immobilisation dominated in most other litter types. 

Avicennia alba litter decomposes much faster than e.g. that of Derris trifoliata and 

Rhizophora apiculata which is consistent with its higher litter quality and previous studies 

(e.g. Wafar 1977; Robertson 1988). Moreover, it is consistent with the lower soil 

ammonium concentrations in the Derris trifoliata and Rhizophora apiculata mesocosms. 

Although alternative explanations may be possible (e.g. in relation to the burrowing 

activities of crabs (Andreata et al. 2014)), these species differences in decomposition, 

priming and subsequent growth stimulation coincide with the generally perceived 

differences in leaf nutrient concentrations and litter decomposition rates between species 

with an acquisitive strategy (such as Avicennia) and those with a conservative strategy 

(such as Rhizophora) as found in many terrestrial ecosystems (Cornwell et al. 2008). 

The second hypothesis was therefore only partly proven.  

4.3. Role 2: herbivory by crabs 

In addition to modulating carbon and nutrient cycling –and therewith growth and biomass 

production of mangrove shrubs and trees-, the presence of mangrove crabs also 
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significantly increased leaf damage, consistent with the first hypothesis. On average, the 

crab species Episesarma singaporense generated significantly more leaf damage across 

the four different mangrove species compared to Perisesarma indiarum (Figure 5.1B). 

Among these four mangrove species, Rhizophora apiculata had most leaf damage 

followed by Bruguiera parviflora and Avicennia alba that suffered from a modest number 

of damaged leaves and Derris trifoliata that had least leaf damage (Figure 5.1B). When 

comparing interspecific patterns of leaf damage to those of relative leaf litter 

decomposition rates, it is apparent that those species with faster decomposing litter, 

Avicennia alba and Bruguiera parviflora, suffered less leaf damage. In contrast, the most 

recalcitrant mangrove litter to decompose, Rhizophora apiculata, in fact suffered most 

damage. This suggests that the crabs preferred grazing the green leaves of Rhizophora 

apiculata over the decaying leaf litter which was still abundantly available in the 

experimental mesocosms. This result disproves the commonly accepted view (Ashton, 

2002) that crabs prefer more decomposed mangrove leaves with increasing palatability 

due to low C:N ratio. On the other hand, the between-species differences in herbivory 

concur with differences in leaf palatability of canopy versus understory leaves found in 

terrestrial systems (Coley and Barone 1996). Derris trifoliata originally was an understory 

species and had high investments in leaf defences (Table 5.1) to deter herbivorous 

insects and crab grazing compared to its counterpart Rhizophora apiculata (Ghosh et al. 

1985, Kumar et al. 2011).   

Despite the substantial number of leaves damaged by crab herbivory, we found no 

evidence for a relationship between leaf damage and leaf biomass increments for any of 

the mangrove plant species used in this study. This suggests that most plant species 

were able to compensate for the leaf biomass losses in the course of the experiment. As 

a component of these compensatory mechanisms, we found a significant relationship 

between leaf damage and increased stem growth for Avicennia alba (Figure 5.7A) and to 

some extents in Rhizophora apiculata too, although in the latter case the responses in 

stem growth in relation to leaf damage depended on crab species identity (Figures 5.1B 

and 5.1E).   

In contrast, we found that stem growth and stem biomass increment of Derris trifoliata, 

the dominant species of disturbed areas decreased with increasing leaf herbivory by 

Episesarma singaporense and by Perisesarma indiarum (Figures 5.7C and 5.7D). Our 

results also showed that herbivory by Episesarma singaporense was high compared to 

that by Perisesarma indiarum (Figure 5.1B), which coincides with stronger declines in 
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both RGR and biomass increment of Derris trifoliata’s stems (Figures 5.1E and 5.1F). 

This suggests that in contrast to the other species, Derris trifoliata is not able to 

compensate for leaf herbivory losses. Instead, it seems to follow a different strategy with 

high intrinsic growth rates (the highest among the species in this study) as a strategy 

(Figures 5.1C and 5.1E). Hence, the third hypothesis was only partly proven.  

4.4. Net impacts of mangrove crab feeding and grazing on disturbed mangrove 

systems 

Our results show a gradient of slow to fast decomposing species (Figure 5.1A) 

associated to slow to fast growth (Figures 5.1C-F), but high to low herbivory damage 

(Figure 5.1B). Moreover, the slow growing species Rhizophora apiculata and Avicennia 

alba responded to herbivory by more stem growth, while the fast growing Derris trifoliata 

and Bruguiera parviflora responded by decreased stem growth. Interestingly, the slow 

growers also responded positively in growth to more decomposition while the fast 

growers do not respond to decomposition.  

The species-specific responses to the crab treatments can also be explained from these 

growth strategies. Crab species were consistently shown to increase decomposition 

rates, but only the slow growing species responded to that. Moreover, crab species 

differently caused leaf damage, with Episesarma singaporense causing consistently 

more damage than Perisesarma indiarum. Together, these patterns explain the species-

specific effects of crab presence on net biomass increments (with the net balance being 

particularly positive for slow growing species) and the second part of the third hypothesis 

was therefore proven.  

These coinciding patterns in growth, decomposition and herbivory losses and impacts 

suggest consistent plant strategies for which the relationship between slow to fast 

decomposition to slow to fast growth is quite well known and relates to a conservative to 

acquisitive strategies of plant species involved (Reich 2014). However, usually, it is also 

predicted that species belonging to the conservative part of the spectrum do also invest 

more energy in leaf protection against herbivory and other losses (Orian et al. 2011, 

Grady et al. 2013). In our mangrove ecosystem, the opposite was found. Moreover, it is 

highly interesting to note that being conservative with respect to resources does not 

imply being unresponsive. 
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As mangrove systems are increasingly disturbed (Valiela 2001), this mesocosm study 

reveals some key issues concerning the future of disturbed mangrove system in contrast 

to the undisturbed status. Upon disturbance, the fast growing ruderal species (Derris 

trifoliata) increasingly dominates the disturbed mangrove areas of Segara Anakan 

mangrove forest. This has particularly come at the cost of the more slowly growing 

(Rhizophora apiculata), a dominant plant species of the undisturbed areas, and 

(Avicennia alba), the co-dominant species in the disturbed and the undisturbed areas. 

The fast growth of Derris trifoliata combined with its relatively fast decomposition, but still 

slower than that of the fast growing dominant species of undisturbed areas, Bruguiera 

parviflora, coupled with a low intensity of green leaf damage by crabs could result in low 

nutrient recycling and may lead to nutrient depletion of the system. The presence of crab 

species, and particularly the presence of Episesarma singaporense, currently dominant 

in disturbed areas, help to reduce the net biomass increments of Derris trifoliata and 

reduces its dominance. Avicennia alba responded positively in its net biomass 

increments, particularly to Episesarma singaporense, and might thus be a good 

candidate for restoration of disturbed mangrove ecosystems. Its current co-dominant 

status in the disturbed parts of Segara Anakan confirms this ‘pioneer’ status, not only for 

the primary succession but more importantly for the secondary succession after 

mangrove disturbances. Altogether, this suggests the importance of maintaining crab 

presence and diversity to prevent disturbed mangrove ecosystems from systematic 

nutrient depletion and to aid restoration. 

5. Conclusions 

The design of mesocosms experiment enabled differentiating between the significant 

impacts of crab presence on, on the one hand increasing mangrove litter decomposition 

from, on the other hand, the impacts of grazing of mangrove green leaves (causing a 

loss of vegetation biomass). Prevailing theory suggests that increased litter 

decomposition would increase nutrient availability to sustain vegetation growth, but we 

found no significant impact of crab presence on mangrove productivity. On the other 

hand, different mangrove plant species respond differently to crab’s grazing on 

mangrove green leaves with Avicennia alba responded possitively in its net biomass 

increment, particularly in the presence of Episesarma singaporense, might therefore be 

a good candidate for the restoration of the disturbed mangrove ecosystems, such in 

Segara Anakan mangrove forest. 
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