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Sesarmid crabs play an important role in mangrove biogeochemical processes due to
their leaf-eating and burrowing activities. How leaf-eating mangrove crabs meet their
nitrogen (N) needs remains a puzzle, as N-poor leaf litter (<1% dry weight) cannot support
the growth of most macrofauna. Several strategies for overcoming this challenge have
been proposed, but the actual mechanisms remain unknown. We identified two
categories of leaf-eating crabs according to their feeding habits (1): species active
outside their burrows during low tide - we hypothesize that they meet their N needs
through consuming the microphytobenthos (MPB) (hypothesis H1); and (2) species
spending most of their time inside burrows - we hypothesize that they meet their N
needs through N-fixation by associated microbes (H2). To test H1, we conducted a series
of feeding experiments on the sesarmid crab Parasesarma affine (model species for
category 1) with '°C- and "®N-enriched MPB and mangrove leaves. P. affine relied mainly
on mangrove leaves as their C source and MPB as their N source, supporting H1. Two
feeding experiments on Neosarmatium smithi (model species for category 2) showed that
N limitation could be ameliorated by selecting seasonally available higher-quality food
items such as floral parts, or by supplements from the associated nitrogen-fixing bacteria,
as identified by genomic analysis. The strategy by which leaf-eating crabs meet their N
needs may make significant contribution both to the growth of crabs and to their
ecosystem functions of regulating the cycling of significant nutrient elements. The
stoichiometric regulations by leaf-eating crabs to meet their N needs, such as food
selection, can enhance trophic efficiency and nutrient transfer rate at the community level
and ultimately increase nutrient turnover rate at the ecosystem level.

Keywords: mangrove trophodynamics, sesarmid crabs, nitrogen requirement, isotope tracer, nutrient cycling,
enriched isotope experiments
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INTRODUCTION

Mangrove forests are amongst the most productive ecosystems
on Earth (Bouillon et al., 2008), and they support diverse
associated faunas (Nagelkerken et al., 2008; Lee et al., 2017).
Sesarmid crabs are some of the most diverse and abundant
macrofauna in mangroves throughout the Indo-west-Pacific, and
their importance to mangrove trophic ecology is unequivocal
[see Lee (2008) for a review]. They are regarded as keystone
species or ecological engineers in tropical mangroves because
their feeding and burrowing activities regulate ecosystem
functioning, such as modifying biogeochemical processes of
sediment, altering plant zonation, and enhancing primary
productivity (Kristensen, 2008). Being one of the initial
processors of mangrove leaf litter, the sesarmid crabs play an
important role in nutrient cycling in mangroves.

Mangrove leaves, low in N (<1% N by dry weight) and high in
carbon (C) with C/N ratios at 46~92 (Micheli, 1993), are also
difficult to digest since they contain structural polymers such as
cellulose and hemicellulose (Giddens et al., 1986). Secondary
metabolites such as tannins may further disrupt digestion
(Linton and Greenaway, 2007). Recent studies have shed light
on how leaf-eating crabs may assimilate structural C (Bui and
Lee, 2015a; Bui and Lee, 2015b) but how they meet their nitrogen
(N) needs remains a puzzle. This is because nutrient-poor leaf
litter cannot support the growth of most macrofauna, as the C/N
ratio of mangrove leaf litter is far higher than the general
maximum C/N value of 17 for sustainable animal nutrition
(Russell-Hunter, 1970). The need of leaf-eating crabs to
maintain body homeostasis while on a low-nutrient diet can
affect trophic interactions and trophic efficiency they mediate
(Welti et al., 2017), which will determine the rates of nutrient
turnover and thus affect ecosystem functional processes such as
primary production. Therefore, clarifying how leaf-eating crabs
meet their N needs is important for assessing their role in
mediating biogeochemical processes of essential nutrients (e.g.,
C and N), and how they help sustain the function and services of
mangrove ecosystems.

(Linton and Greenaway 2007) described several strategies
how semi-terrestrial herbivorous crabs may meet their N
requirement on a N-poor diet, but some strategies (e.g., leaf-
aging) are not supported by experimental studies and field
observations (Skov and Hartnoll, 2002; Harada and Lee, 2016),
while others lack direct evidence (e.g., selective consumption of
higher quality food items). By selected consumption of higher
quality foods such as floral parts the crabs might partly meet
their nutrient requirement on a N-poor diet. However, this
opportunity is limited due to their small foraging ranges (< 1
m), seasonal availability of food items, and intraspecific
competition (Wilde et al., 2004; Linton and Greenaway, 2007).
Digestive strategies and other adaptations for a low-nutrient diet
may be present in leaf-eating crabs, such as increased food
consumption, slow growth and extended longevity, larger body
size and low frequency of reproduction (Linton and Greenaway,
2000; Nordhaus, 2004; Green, 2004a; Green, 2004b; Pinheiro
et al., 2005). Parasesarma messa, a primary consumer of

mangrove litter, exhibited slow growth and individuals took
more than four years to reach maximum size (Robertson,
2021). A N mass balance analysis showed that the population
of P. messa ingested twice the amount of N that could be supplied
by leaf litter, suggesting that mangrove leaves are unlikely their
only N source (Robertson, 2021).

Until recently, the prevailing hypothesis is that herbivorous
crabs can partly meet their N requirement by occasional
consumption of animal tissue, through predation or
cannibalism (Thongtham et al, 2008; Nordhaus et al, 2011;
Pereira et al., 2019). Additional N may be supplied by consuming
the microphytobenthos (MPB), fungi, meiofauna and particular
organic matter in surface sediment (Bouillon et al., 2002; Oakes
et al, 2010; De Lima-Gomes et al., 2011; Tue et al., 2012;
MacKenzie et al., 2020) or macroalgae on mangrove roots
(Gao et al,, 2018). (Kristensen et al. 2017) investigated the food
partitioning (mangrove leaves, animal tissue, and MPB) of
sesarmid and ucidid mangrove leaf-eating crabs and reassessed
the role of MPB as a N source in their diet. As MPB has a much
lower C/N ratio (15~25) than mangrove leaf litter, they are more
easily assimilated by animals compared to mangrove leaf litter,
which has a low N content of <1% but high concentration of
secondary metabolites (Lee, 1993). MPB could be one of the most
important nitrogen sources for mangrove crabs; however, direct
evidence is still lacking to date. Some observations on chelal
morphology also questions the trophic significance of MPB in
the diet of sesarmid crabs (Lee, 2008). For example, the absence
of spoon-tipped ‘fingers’ similar to those of typical deposit-
feeding species (e.g. Uca) may reduce foraging efficiency on
MPB from mangrove sediments.

Nitrogen fixation by symbionts as a supplement to host
nutrition has long been hypothesized, but this contribution has
not yet been demonstrated in leaf-eating crabs. Waterbury et al.
(1983) isolated a cellulolytic N-fixing bacteria from the gland of
Deshayes in six species of shipworms. Its presence in large
numbers may account for the ability of shipworms to digest
cellulose and meet their N needs. Active N fixation by the
symbionts of the lucinid clam Loripes lucinalis were verified
using both molecular and stable isotope techniques (Petersen
et al., 2016). The N-fixation rates of symbiotic microbes in the
hindguts of arthropods could reach 10-40 kg ha™' y!, which may
contribute significantly both to growth of the hosts and
ecosystem function (Nardi et al., 2002). A diverse microbial
community was found on the carapace or in the gut of deposit-
feeding ocypodid crabs (Cuellar-Gempeler and Leibold, 2018).
Zilius et al. (2020) investigated the associated microbial biofilm
on the carapace of fiddler crabs and suggested that active
microbial N fixation on their carapace played an important
role in N cycling.

A number of studies have examined the food composition of
leaf-eating crabs using the natural abundance stable isotope
analysis approach (Nordhaus et al,, 2011; Kristensen et al.,
2017; MacKenzie et al., 2020). This approach is strongly
dependent on preliminary identification of the potential food
choices, and the application of suitable trophic discrimination
factors in mixing models, which are difficult to verify unless they
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are specifically tested by laboratory experiments. Apart from the
trophic discrimination factor, a precondition for using the
mixing model is that there are significant differences in stable
isotope values (e.g., 8"°C and 8'°N) among the different food
sources. Species-specific isotope fractionation values for
accurately identification of important food resources may help
(MacKenzie et al., 2020) but this approach effectively defeats the
purpose of using the isotope tracers. Isotope labeling is a useful
tool to complement natural abundance stable isotope analysis in
food web studies (Michener and Kaufman, 2007).

This study aimed to evaluate the significance of different
pathways through which the N requirement of leaf eating crabs
may be met. Mangrove leaf-eating sesarmid crabs may be
classified into two main categories according to their feeding
habits: (1) species spending most of their time outside burrows
during low tide - we hypothesize that these crabs meet their N
needs through consuming the microphytobenthos (MPB) in
surface sediment (H1); (2) species spending most of their time
inside burrows - we hypothesize that they meet their N need
through N-fixation by the associated microbes in their gut or
habitat, such as the sediment (H2). These hypotheses were tested
by a series of feeding experiments utilizing both natural-
abundance and enriched stable isotope analyses.

MATERIALS AND METHODS

Selection of Animal Models

We identified two categories of leaf-eating crabs according to
their feeding habits: (1) species active outside their burrows
during low tide; and (2) species spending most of their time
inside burrows. For the first category, we used Parasesarma
affine, a common sesarmid associated with mangrove forests in
Hong Kong, as the animal model. This crab is distributed in the
mid intertidal zone, spending most of their foraging time
(45~83% of observation time) consuming mangrove leaves or
scraping the surface sediment during the low tide (Kwok, 1999).
For the second category, we used Neosarmatium smithi as the
model species, which is a large species (maximum carapace width
about 5 cm) specifically inhabiting the high-intertidal Bruguiera
sexangula mangrove forests on tropical Hainan Island, China.
Feeding activities of N. smithi in the field monitored using an
infrared camera for 24 hours during the active season of the crabs
(June 2016) within the site where the crabs were sampled in this
study. It showed that they spent most of their time in the burrows
(75~85% of observation time) even without any disturbance and
only 15 to 25% of observation time searching and walking.
Neither of the two species showed readiness to consume
animal material when provided under captive conditions in
this study.

Sample Collection

Individuals of P. affine of carapace width (CW) ranging from 11
to 20 mm were collected from the mangrove forest (Kandelia
obovata) at Mai Po (22°29'38”N,114°01’56”E), Hong Kong.
Individuals of N. smithi of CW ranging from 20 to 25 mm

were collected from the Bruguiera sexangula forest at Dongzhai
Bay (19°57°01”N,110°34’45”E), Hainan Island. Only male crabs
were collected for experiment to reduce the effect on the crab
populations as female crabs were often pregnant, and the female
crabs may also have different physiology during egg production.
All the crabs, fresh litter (yellow leaves), fallen calyx, and MPB
(surface sediment) were collected from the same sites in the
mangrove forests. Crabs for the feeding experiment were
allocated to individual containers and starved for two days and
“field” samples were rinsed with MilliQ water and sacrificed by
freezing. Sediments were collected by scraping the top 1 cm
surface layer, homogenized with a hand trowel before incubation
with isotopically enriched media or used for MBP extraction.

MPB Extraction

MPB was extracted from sediment by density gradient
centrifugation in colloidal silica (Bui and Lee, 2014). The
sediment sample was washed through a series of decreasing
mesh sizes: 2-mm, 500um, 250m, 45um and 5um. The material
retained on the 5um sieve was then transferred to 50ml falcon
tubes. After settling at 4°C overnight, the clear supernatant was
removed carefully to avoid disturbing the sediment at the
bottom. 23ml of colloidal silica (LUDOXTM) solution (1.340g
ml™" density) was then added to each tube containing the sample,
mixed and centrifuged (4000 rpm at 4°C) for 10 mins. The entire
top layer (MPB was in this layer) was isolated and washed with
MilliQ water and then transferred into a tin capsule and dried for
stable isotope analysis.

Preparation of '3C- and

°N-Enriched Leaves

Two enrichment solutions were prepared following Putz et al.
(2011) with some modification: *C-urea solution and N-urea
solution by dissolving 100 mg 99-atom% "°C urea and 2 mg 98-
atom% "N urea in 50 mL MilliQ water, respectively. 12.5ul of
wetting agent was added to each solution for good contact of the
labeling solution with leaf surface. The two urea solutions were
applied with a small paint brush on the upper and lower surfaces
of the mangrove leaves on two Kandelia obovata trees in the field.
Two trees separated by >100 m were selected for the two respective
enrichments to avoid cross-contamination. Ten branches (each
with 10 to 15 leaves) on each tree were selected for enrichment.
Labelling was applied once a day over five consecutive days for '°N
enrichment and 15 days for '>C enrichment.

Preparation of >N-Enriched and
'®C-Enriched MPB

Surface sediment from the study sites was incubated with F/2
medium (Guillard and Ryther, 1962; Guillard, 1975). The N
source (NaNOs) in F/2 medium was replaced by I5NH,Cl (99-
atom% "°N), incubated for 10 days with an irradiance at 150 to
200 umol m™ s (same level as in the field), and ambient
outdoor temperature at 25°C to 35°C. '’C-enriched MPB
preparation followed the same method for ’N-enriched MPB,
with the N source being NaNOj; and NaH"COj; (99-atom% ">C,
2.5mM) was added to F/2 medium. MPB incubated with non
labelled F/2 medium was used as a control (IMPB).
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Stable Isotope Analysis

C and N content as well as stable isotope values (8'°C, §'°N and
8**S) of leaf, crab, and MPB samples were measured with a
Thermo Analytical elemental analyzer, Flash EA 1112 Series
coupled via a ConFlo IV interface to a Thermo Delta V Plus
isotope ratio mass spectrometer. Stable isotope ratios are
expressed as O values (in per mil notation, %o) relative to
conventional standards (Vienna Pee Dee Belemnite for C and
atmospheric N, for N), according to:

SX(%O) = [(Rsample/Rsmndard) - 1] x 1000

where X = °C, "N or *'S, and R = ">C/"?C, ">N/"N or **s/*S.
Measurement precision was better than 0.3%o0 for §°C, §'"°N
and &8*S.

Abundance of N-Fixing Bacteria

Sediment inside crab burrows in the field and faeces of crabs fed
yellow leaves (for 30 days, 60 days and 210 days) were sampled
for functional bacteria analysis. Using qPCR and amplicon
sequencing technology, the special functional genes could be
identified directly, and the universality and diversity of
information for key functional genes was also provided. Here
our target functional gene was the N-fixing gene nif H.
According to the trait of the amplification area, based on the
IonS5TMXL sequencing platform, a small fragment library was
constructed for single-end sequencing. By cutting and filtering
reads, clustering operational taxonomic units (OTUs), and
annotating species and abundance analysis, the microbial
community structure of the samples was assessed, and the
difference among samples was further compared by alpha and
beta diversity analyses.

N Mass Balance
N mass balance was assessed for the field population of P. affine
to address the question of whether sole dependence on MPB N
could sustain the crab’s need. The sesarmid crabs usually collect
MPB at the surface sediment using their chelae, with a length of
the dactyl and propodus at about 4 mm. However, they usually
do not insert the whole dactyl and propodus into the sediment,
so we assumed the depth of the sediment they could have access
to MPB was 2 mm. MPB biomass (g m™) in the top 2 mm surface
sediment was estimated by the concentration of chlorophyll-a
(by aqueous acetone extraction method, Johan et al, 2014),
assuming a carbon to chlorophyll-a ratio (C: Chl-a) of 40 (De
Jonge, 1980). The amount of MPB N available (g m™) was
determined according to their biomass and N content (%)
obtained from elemental analysis.

The amount of N needed (g m™ day ') for P. affine growth
was estimated according to their tissue N turnover rate (NTR):

NTR =DW x N% /D

where DW = total dry weight of crabs m™ (g DW m™); N% = N
content of crab tissues; and D = turnover time (days) for tissue N,
estimated to be 70 days for sesarmid crabs (Bui and Lee, 2014).

In the K. obovata mangrove forest at Mai Po, the mean
population density of P. affine was 1.39 individuals m™%, with the

mean carapace width (CW) and the mean dry weight at 18.3 mm
and 1.5 g m™, respectively (Lee and Kwok, 2002). The N content
of the crab tissues was about 6.5% of dry mass estimated
according to the equation %N = 7.536 - 0.059 CW established
for the congener P. messa (Robertson, 2021). Therefore,
assuming that no other significant N loss pathways exists, the
amount of N needed for sustaining the biomass of P. affine at
field density was taken to be their tissue N turnover rate (NTR).
This demand was then compared with the amount of N available
from MPB in the top 2 mm of the sediment.

Feeding Experiments

Five feeding experiments (E1 to E5) were designed to test the
hypotheses H1 and H2. Experiments E1~E3 were aimed to test
H1, experiments E4~E5 were to test H2, with details of each
experiment summarized in Table 1. For E1~E4 and treatments
T2 and T3 in E5, the crabs were kept in natural atmosphere. For
the treatment T1 in E5 crabs were fed in an air-tight container
(size: 70.5cm X 48 cm x38.5 cm) with an atmosphere enriched
with °N,, and 1L "°N, was added to the container at the
beginning of experiment (§'°N of the atmosphere in the
experimental container was about 3100%o) and was
replenished with the same volume after each weekly sampling.
All the crabs were sacrificed by freezing and the muscle tissue
was taken from their claw for stable isotope analysis.

Statistical Analyses

One-way ANOVA followed by post hoc Tukey’s test were used to
test differences (01=0.05) in stable isotopic values among different
groups or treatments. Nonparametric Kruskal-Wallis test
followed by all pairwise multiple comparisons was conducted if
the assumption of homogeneity of variance was violated. All data
analyses were performed using SPSS 28.0.

RESULTS

Experiment 1 (E1)

After incubation for ten days with F/2 medium (N: 1>NH,Cl), the
8'°N level of MPB reached 262.2 + 51.3 %o (mean + SD). Tissue
8'°N value of crabs fed '°N-enriched MPB increased significantly
with experiment time, from 12.6 £ 0.1%o0 (mean + SD) at the
beginning to 183.1 + 89.2%0 (mean + SD) at the end of
experiment, which was almost approaching the enrichment
level of the MPB (Figure 1).

Experiment 2 (E2)

Crabs on a sole diet (leaf or MPB) showed a higher mortality
than crabs fed a mixture of MPB and leaves (Figure 2). SN
values separated crabs from food sources, while 3°*S values were
able to separate crabs on different food types. The 8**S value of
the crabs fed both MPB and yellow leaves (M+YL) was
intermediate between those fed MPB (M) and yellow leaves
(YL) (Figure 3A), so the contribution of each of the two foods
was approximately 50%. For §'°C there was significant difference
between crabs and foods, but no significant difference among
crabs fed different foods (Figure 3B).
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TABLE 1 | Aims and details of the experiments to test hypotheses H1 and H2. CW, carapace width; SIA, stable isotope analysis.

Crab species

To test H1:
Parasesarma
affine, male
CW: 11 to 20
mm

To test H2:
Neosarmatium
smithi, male
CW: 20 to 25
mm

Aims of experiment

E1: to confirm
whether P. affine
consumes MPB

E2: to evaluate
significance of
different food sources

ES3: to confirm if leaf
was C source and
MPB was N source

E4: to test
opportunistic
consumption of
higher-quality foods

E5: to test if crabs
receive N supplement
from nitrogen-fixing
microbes

Treatments

Feeding crabs with '°N- labelled MPB: 10 g surface sediment day™' for each 8 weeks

individual crab (n=40)

Feeding crabs with three types of foods, treatments T1~T3:
T1: Leaf, 0.8 g yellow leaf day™" for each crab
T2: MPB, 10 g surface sediment day ™' for each crab

T3: Leaf + MPB, 0.4 g yellow leaf + 5 g surface sediment day™ for each

crab

(n=20 for each treatment)

Feeding crabs with two types of foods, treatments T1~T2:
T1: "C-enriched leaf + '°N-enriched MPB
T2:"8C-enriched MPB + '°N-enriched leaf

0.4 g leaf + 5 g surface sediment ind™' day

(n=20 for each treatment)

Feeding crabs with four types of foods, treatments T1~T4:

T1: yellow leaves only; T2: calyx only; T3: yellow leaves and supplemented +
with calyx every seven days; T4: yellow leaves and supplemented with calyx
every 14 days. One yellow leaf or one calyx day ™' for each crab (n=20 for

each treatment)
Feeding crabs: three treatments T1~T3

T1: "*N-enriched atmosphere, provide unenriched leaves (n=20); T2:

Duration Sampling SIA
Sampling each week (n=5  §'°N
per week)

8 weeks Sampling at the eighth 8'sC,
week (n=5) 85N

5%s

4 weeks Sampling each week (n=5)  §'°C,

3'°N

8 weeks  Sampling at the eighth 53¢,
week (n=5), the left keep §'°N
feeding until only 6 were left
at 210 days

4 weeks Sampling each week for T1 §'°C,
(n=5), sampling at the end ~ §'"°N

unenriched atmosphere, provide unenriched leaves (n=5); T3: unenriched

atmosphere, provide '®N-enriched leaves (n=5)

of experiment for T2, T3

One enriched or unenriched leaf day™" for each individual crab

Experiment 3 (E3)

For crabs fed *C-enriched leaf + "*N-enriched MPB (treatment
1), the tissue 8'>C values increased with leaf 8'°C, whereas the
8"°N values increased with MPB §'°N from week 1 to week 4 (W1
to W4, respectively). There were significant differences between

the start date (8"°C= -24.9 + 06 %o, 8"°N = 13.5 + 0.2 %o), and end
date values (8"°C = -17.2 + 2.7 %o, 8"°N = 174 + 77.1 %o) for both
8'C and §"°N (p<0.05). For crabs fed 13C-enriched MPB + °N-
enriched leaf (treatment 2), the 8'°C and 8'°N of crab tissue did
not show any significant change (Figure 4).

400 1~
300 A
_____________ MPB erviched level _ | _______
£ 200 |
A 3
n
-+l
.AZ
<. 100 A 1
&
0
0 7 14 21 28 35 42 49 56
Days of experiment
FIGURE 1 | 8"°N of muscle tissue of crabs fed "*N-enriched MPB during the feeding experiment.
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1.0 4
—— M
0.8 - O YL
—¥— M+YL

Cunnlative mortality of Crabs

N Mass Balance

Conversion from the chlorophyll a content in the top 2 mm of
surface sediment (9.42 mg m?) using a 40x conversion factor (De
Jonge, 1980) suggests that the C biomass of MPB was 377 mg C m ™.
As the C/N of MPB is ~15, the amount of MPB N in the top 2 mm
of the surface sediment was 25.1 mg N m™ Based on the NTR
formula, the amount of N needed for sustaining the biomass of P.
affine at field density was 1.5 g m™ x 6.5%/70 days = 1.4 mg N m™
day™. The N requirement for crab sustenance is therefore 5.58% of
the total MPB N standing crop in the surface sediment.

Experiment 4 (E4)
There is a significant difference in 8'°C and 8"°N values as well as
their C and N contents (p<0.05) between the calyx and yellow leaves
of B. sexangula. The calyx was more depleted in °N than the yellow
leaf, but less depleted in '>C (Figure 5). The calyx has a higher N
content (0.83 + 0.13%) and lower C content (C/N = 48.3) than the
yellow leaf (0.44 + 0.08%) (C/N= 99.5). After feeding for 60 days, the
group that was supplied with only yellow leaves showed a significant
increase in 8'°N compared with those before feeding (p<0.05), but
no change in 8"C value. The group supplied with only calyx
showed no significant change in both their §"°C and §"°N values.
The group fed with yellow leaves and supplemented with calyx
(YL+C7) showed a significant change in both §'°C and §'°N values
(p<0.05): lower 8"°N but higher §'"°C values, with the change in the
YL+C7 group being much larger than that of the YL+Cl14
group (Figure 5).

After feeding on yellow leaves only for 60 days, the §'°N value
of N. smithi showed a significant increase of 1.51%o compared

Days of feeding experiment

FIGURE 2 | Cumulative mortality (proportion of individuals dead) of P. affine plotted against days of feeding experiment on different food sources. M, Microphytobenthos
(MPB) only; L, Yellow leaf of Kandelia obovata only; M+L, MPB and yellow leaf of K. obovata.

with that before feeding (p<0.001). However, 210 days later, the
8"°N of N. smithi decreased by approximately 2%o. The §'°C of N.
smithi showed no significant change with feeding time (Figure 6).

Experiment 5 (E5)

The crabs started to become enriched from 6.3 + 1.4 %o
(mean + SD) in the field to 25.6 + 16.1%0 (mean + SD) after three
weeks in a "*N-enriched atmosphere. At the fourth week, their tissue
8"°N had enriched significantly (p<0.05) to 67.0 + 33.4%o
(mean + SD) compared with the start date values (Figure 7A).
The crabs fed normal mangroves in an unenriched atmosphere
showed no significant change in their §'°N after four weeks
(Figure 7B). The crabs fed enriched mangrove leaves (3'°N
(mean + SD) = 3395 + 2464 %o) in an unenriched atmosphere also
got enriched significantly (p<0.05) compared with the start
date values after feeding for four weeks, and their §'°N enriched
from 6.3 = 1.4 %o (mean + SD) before feeding to 166.7 + 71.4 %o
(mean £ SD) at the end of the experiment (Figure 7C), "N of
crabs fed only unenriched yellow leaves changed to 7.4 + 1.1 %o
(mean + SD) after four weeks.

Abundance of N-Fixing Bacteria in

Burrow Sediment

Genomic analysis of functional bacteria groups showed a high
relative abundance of nitrogen-fixing bacteria in the living
environment (sediment from crab burrows) (~20%) of N.
smithi, also their fecal material (~10 to 15%) (Figure 8). And
also a high relative abundance in the fecal material of the crabs fed
only mangrove leaves in experiment 4.
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DISCUSSION

N Source of Parasesarma affine

In our study, the higher mortality of crabs on a sole diet (MPB
or mangrove leaves) than on a mixed diet (both MPB and
mangrove leaves, Experiment 2) suggests that P. affine achieved
better physiological performance on a mixture of available food
items. The 8°*S value of the crab tissues suggested that the
contributions of the two food sources were each ~50%. Results
of our enrichment experiment (Experiment 1) indicate that P.
affine consumed MPB as a N source, which is the first study to
provide direct evidence of MPB dependence using '°N-tracer.
The results of experiment 3 in a differential labelling design
using dual isotope tracers ("*C-MPB + '°N-leaf and '*C-leaf +

'>N-MPB) also suggest that P. affine relied on mangrove leaves
as their C source and MPB as their N source. The N mass
balance calculations indicate that sole dependence on MPB N is
possible to sustain the crab’s need. As the N requirement for
crab sustenance at field density and biomass is only 5.58% of
the total MPB standing crop, it is possible for MPB to recover to
original concentration quickly enough to sustain future
extraction. In the field, P. affine spends 45%~ 83% of their
time scraping material from the surface sediment (Kwok, 1999).
All these findings suggest that consumption of MPB could be
one way P. affine meets its N needs. However, there are still
questions concerning the efficacy of this approach. In order to
obtain this amount of N from MPB consumption, each crab
needs to consume or process ~110 ml day ™ of surface sediment,

Frontiers in Marine Science | www.frontiersin.org

April 2022 | Volume 9 | Article 872272


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Gao and Lee

Nitrogen Limitation in Sesarmid Crabs

T
Tl
300 ) |
_________ lianﬂ‘:h_ed_MEB_ e _J___ 1 & 1BC-enrichedleaf
o | X 15N-enriched MPB
| ¥ : + wi
3 200 4 : . W2
£ L] I o w3
ﬁz L | O wa
“© 100 I
o |
13C-enriched leaf
|
04 A A | A A
-40 -30 -20 -10 0
1254 A& *N-enriched Leaf | 1z
Ty T T T Tt TT 777 A BC-enriched MPB
1001 X | X 5N-enriched leaf
~ |
& | + w
Z 75 I =y
2 | 0 w3
501 | & W4
13C-enrich I MPB
251 w2 i
[ ] A —f— A
-40 20 0 20 40 60 80 100
S13C (%o)
FIGURE 4 | Variations in 8'*C and 8'°N values (both individual and mean + SD values) of muscle tissues of crabs fed '°C- and '*N-enriched foods in two different
treatments (T1, 3C-enriched leaf + "®N-enriched MPB; T2, "*C-enriched MPB + '°N-enriched leaf) over the four-week experiment (W1-W4). The dash lines indicate

the enrichment level of the respective food sources.

14 - ® BF
A YL
v C
¢ YL+C7
12 1 m YL+Cl4

v ¢
A yI

10

N

a

%)

+

Z g { foods

o

6 -
4 T T T T T
-32 -30 -28 -26 24 22 20
313C + SD (%o)
FIGURE 5 | §'°C and §'°N plot of food sources and N. smithi before and after feeding for 60 days on different food items. BF, before feeding experiment (just after
collection from the field); YL, fed yellow leaves; C, fed calyx; YL+C7, fed yellow leaves and supplemented with calyx every 7 days; YL+C14, fed yellow leaves and

supplemented with calyx every 14 days; yl, yellow leaves; c, calyx.

Frontiers in Marine Science

www.frontiersin.org

8 April 2022 | Volume 9 | Article 872272


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Gao and Lee

Nitrogen Limitation in Sesarmid Crabs

SN (%o0)

S13C (%o)

a a
10
0 -
-10 A
20 -
a a a
-30 T T T
BF YL-60d YL-210d

FIGURE 6 | Variation of §'°C and 8'°N (mean + SD) of N. smithi after 60 days and 210 days in experiment 4. BF, before feeding; YL-60D (210D), fed yellow leaves
for 60 (210) days. Different letters denote significant differences (p<0.001).

120

100

80

60

815N + SD (%o)

40

20

=
o

515N + SD (%)
O L N W & 1) N 0 O

6.3

10.4

BF

1 6.5

7 days 14 days 21days 28 days

6000 9 ¢

74 5000

4000 3395

(%o0)

o
< 3000

2000

315

1000 A 166.7

0

vl

YL

FIGURE 7 | Variation of tissue 8'°N of N. smithi with different treatments and experiment days, feeding on unenriched leaves in a "°N-enriched atmosphere (A),
feeding in an unenriched atmosphere on unenriched leaves for 28 days (B) and "SN-enriched leaves for 28 days (C), respectively. BF, before feeding; el, 5N-
enriched leaves; EL, crabs feeding on '®N-enriched leaves; yl, unenriched yellow leaves; YL, crabs feeding on unenriched yellow leaves.

Frontiers in Marine Science | www.frontiersin.org

9 April 2022 | Volume 9 | Article 872272


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Gao and Lee

Nitrogen Limitation in Sesarmid Crabs

0.754----

Relative Abundance

0.254-

04

Others

Uncultured microorganisms
Dickeya paradisiaca

Klebsiella michiganensis
Denitrovibrio acetiphilus
Tolumonas auensis
Cellulosilyticum lentocellum
Uncultured nitrogen fixing bacteria
Uncultured marine bacteria
Uncultured bacteria

EEEEE EENE

YL-30

FIGURE 8 | Relative abundance of different bacterial assemblages as indicated by gene sequencing. S, sediment from burrows; F, faeces of crab before feeding
with specific diet; YL-30, YL-60, YL-210, feces of crab after feeding on yellow leaves for 30, 60, and 210 days, respectively.

YL-60 YL-210

which is quite impossible to ingest as it is >100 times the
stomach volume, unless they can separate the MPB from
sediment effectively before ingestion. The mechanism by
which the crab may extract MPB effectively from the
sediment to make MPB a feasible food source is worth
further investigation.

Several studies have highlighted the prominent trophic roles
of MPB in coastal ecosystems (Miller et al., 1996; O'Meara et al.,
2017; Pinckney, 2018; Hope et al, 2020). Even in the high
Antarctic ice sheets with little light availability (<0.1%), MPB
account for a significant proportion of the marine primary
production (Dayton et al., 1986; Lohrer et al., 2013). Earlier
data from stable isotope and other tracers suggest an important
contribution of MPB to mangrove macrobenthos as a carbon
source (Alongi, 2009; Oakes et al., 2010). However, only recently
did Kristensen et al. (2017) first suggest that MPB was an
important N source using the IsoConc mixing model on
isotopic data to assess the food partitioning of mangrove leaf-
eating crabs. These authors also suggested that mangrove litter
was the dominant carbon source (contribution ratio >50%) for
all the leaf-eating crabs.

Previous studies, however, have noted that several mangrove
crab species spent most of their feeding time scraping material
from the mud surface, e.g. Parasesarma messa (Robertson,
1986), P. erythodactyla (Camilleri, 1992), P. bidens and P.
affine (Kwok and Lee, 1995), P. guttatum (Skov and Hartnoll,
2002), and Neosarmatium meinerti (Dahdouh-Guebas et al,,
1997). These crabs occur in different intertidal zones and are
associated with different mangrove communities. These crabs
may rely on MPB as their N source to different extents,
responding to local conditions such as forest light penetration
and sediment nutrient levels that influence MPB abundance.
The trophic role of MPB as the principal N source for leaf-

eating sesarmid crabs in general needs to be further assessed in
the future using a wider range of species covering different
geographic and biogeographic locations.

Nitrogen Source of Neosarmatium smithi
Study of foraging behavior using remotely operated infrared
cameras showed that this species spent the majority of time
inside their burrow. In our observation, N. smithi did not feed
on surface sediment. Our data agree with previous studies that
the congener N. trispinosum actively collects and promptly
feeds on mangrove leaf litter freshly available on the forest
floor, and spends 97.5% of time remaining inside its burrow
(Harada and Lee, 2016). This behaviour also excluded the
possibility that they meet their N needs through consuming
MPB. The stable isotope values also showed that the crabs
assimilated N from the calyx food. Therefore, problems
associated with low-nutrient vascular plant diets may be
ameliorated by selecting higher-quality food items such as
calyx, when they become available, which may be only for
restricted periods. For example, calyx of B. sexangula are only
available during the blossom season, which only lasts for less
than 1 month (personal observation).

The 8"°N value of the muscle tissue of N. smithi increased
significantly after feeding on yellow leaves for 60 days. Previous
studies showed that animals feeding on a diet with a low
nitrogen content might recycle their internal N to sustain
their metabolism and excrete the isotopically lighter '*N,
which leads to an increase in "°N in their tissues (McCutchan
et al., 2003; Herbon and Nordhaus, 2013). >N enrichment in
Daphnia magna also occurs when individuals suffered from
starvation (Adams and Sterner, 2000).

Our results indicate that N deficiency occurred on N. smithi
after feeding only on leaves after 60 days. After continued
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feeding on leaves only for 210 days, the 3'°N value decreased
significantly, suggesting that the N supply may be sourced from
a lighter N source, which could be atmospheric N, (8N =0).
Genomic analysis of functional bacteria groups showed a high
relative abundance of nitrogen-fixing bacteria in their living
environment (sediment from crab burrows), also the crab faecal
material. The results of the crab feeding experiment on a sole
diet of mangrove leaves in 15N-enriched air (experiment 5)
showed that crab tissue became enriched from the third week of
experiment, suggesting that N fixed from the atmosphere may
be assimilated by the crabs through ingesting the bacteria
directly or the organic matter they produced. However, the
actual mechanism and processes need to be clarified in the
future. Recently, nitrogen fixation was also found in the
intestine of two sesarmid crabs (N. smithi and Episesarma
versicolor) and their habitat sediments (by determining the
nitrogenase activity using acetylene reduction activity) but no
evidence for the contribution of the fixed N to the crabs’ tissues
was provided (Tongununui et al., 2021). Crabs feeding on ’N-
enriched mangroves leaves also became enriched in '°N after
feeding for four weeks. All these findings suggest that N. smithi
can get their N from both mangrove leaves and N-fixation by
the associated microbes, and they can also meet their N need by
selecting high-quality food sources when available.

Ecological Role of Sesarmid Crabs in
Mangrove N Dynamics

The ecological role of crabs in mangrove ecosystems has been
addressed in many studies (Lee, 1998; Welsh, 2003; Werry and
Lee, 2005; Kristensen, 2008; Laverock et al., 2011; Gilbertson
etal., 2012). The trophic significance of leaf-eating crabs is two-
fold: (1) removal of leaves from the forest floor and therefore
reduction in tidal export to the estuary, leading to N retention;
and (2) processing of leaf litter to fine sized particles, which can
more readily be mineralized by microbes and utilized by
detritivores (Werry and Lee, 2005). Leaf-eating crabs
digesting/assimilating mangrove detritus also play an
important role in acting as a trophic intermediate between
hard-to-digest detritus and higher-level consumers in
mangrove ecosystems, as they are preyed upon by higher
consumers such as fish (Sheaves and Molony, 2000; Lee,
2008; Kawaida et al., 2021; Robertson, 2021).

Previous studies have demonstrated that animals can play
integral roles in the storage and remineralization of elements,
thus they also play an important role in the biogeochemical
cycles of both terrestrial and aquatic ecosystems (Augustine
and McNaughton, 2006; Vanni et al,, 2006; Vaughn, 2010;
Coetsee et al.,, 2011). Strategies by which some species meet
their nutrient requirement on low-nutrient diets may mediate a
keystone role in nutrient cycling and overall ecosystem
stoichiometry (Small et al., 2011). Like other organisms, leaf-
eating crabs often face stoichiometrically imbalanced diets as
mangrove leaves are high in C and low in N. They can meet
their nutrient demands by both pre-ingestion (e.g. food
selection) and post-ingestion regulation (e.g. egestion or
excretion). These stoichiometric regulations influence the

amount of nutrients retained or released by the individual
organismal-level processes, such as food choice or the
selective release of nutrients, ultimately driving higher
ecosystem-level dynamics, such as ecosystem elemental
cycling (Schade et al.,, 2011; Sperfeld et al., 2016). The
strategy by which sesarmid crabs meet their N needs is
important, as it can affect the growth rate and population size
of these primary nutrient processors at community levels,
ultimately affect trophic efficiency and nutrient fluxes in
ecosystem levels.

The strategy by which leaf-eating crabs meet their N needs
represents a significant contribution both to the growth of crabs
and to their ecosystem functions of processing biologically
significant elements such as carbon and nitrogen. We
hypothesize that the consequence of this consumer-driven
nutrient dynamic (CND) is more rapid nutrient turnover and
higher primary productivity in ecosystems with large
populations of leaf-eating crabs. CND also has been identified
as an important function contributing to ecosystem services
(Cardinale et al., 2012; Doughty et al., 2016; Atkinson et al.,
2017). This role of mangrove leaf-eating crabs in regulating
essential nutrients cycling has important implications for
community structure and ecosystem functioning (Allgeier
et al., 2013). Further work on the effects of leaf-eating crabs
on ecosystem-level nutrient dynamics will help develop a
comprehensive and mechanistic understanding of the
functional role of sesarmid crabs, and how their diversity and
abundance may influence mangrove ecosystem characteristics
such as stability and resilience.

CONCLUSION

Different leaf-eating crab species may adopt different strategies
to meet their N needs depending on their feeding habit and also
food availability. For species spending most of their time
outside burrows during the low tide, consuming the N-rich
microphytobenthos (MPB) in surface sediment may be an
important way to balance their nitrogen budget. For species
spending most of their time inside burrows, N-fixation by the
associated microbes or consumption of N-fixing cyanobacteria
may help to meet their N requirement. Problems associated
with a regular diet of low-grade vascular plant diets may also be
ameliorated by selecting seasonally available higher-quality
food items such as floral parts. The strategy by which leaf-
eating mangrove crabs meet their N needs represent a
significant contribution both to the growth of crabs and to
their ecosystem functions of processing carbon and nitrogen in
this dynamic habitat.
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