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Abstract

Reliable estimates of growth and mortality parameters are crucial for understanding how
populations of exploited species may respond to shifts in fishing pressure. Results of
previous studies on growth of the ecologically and economically important mangrove
crab Ucides cordatus in Brazil differ strongly and age estimates for minimum legal
capture size (60 mm carapace width) range between less than one and 6-10 years.
These discrepancies are probably due to inherent problems of the applied methods,
namely laboratory based observations and cohort-analyses. The present paper takes a
new approach by measuring individual growth increments of U. cordatus in situ. Crabs
were measured, tagged, released into 100 m? field enclosures and periodically
recaptured. There was no indication of an enclosure effect and 209 growth increments
were obtained from specimens measuring 20.5 to 89.5 mm in carapace width (CW). For
improving the size coverage of the von Bertalanffy growth curve, first instar juveniles
were reared in the laboratory up to an age of six months. Their average percent size

increase (Pl) was 22.57 + 6.75% during biweekly measurements, resulting in a CW of
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7.8 to 11.5 mm after six months. Average PI of the enclosure crabs ranged between
10.87 £ 1.17% (indiv. < 40 mm CW) and 1.43 + 0.87% (indiv. > 80 mm CW) per moult
and two large females had moulted without growing. Growth analysis revealed a larger
asymptotic size in males than in females (89 mm versus 72 mm) while the growth
parameter K of the von Bertalanffy growth function (VBGF) was lower in males (0.17
versus 0.25), resulting in similar growth performance of the two sexes (males: 1.16;
females: 1.10). Age at legal minimum capture size estimated by the inversed VBGF was
6.13 years in males and 7.38 years in females, corroborating the mid to upper range of
earlier growth estimates. Mortality parameters (Z, M and F) were calculated using length
converted catch curves. Z in males was higher than in females (0.69 versus 0.49), as
expected from the male-biased fishery. M, F and the exploitation rate E were estimated
for three different scenarios taking into account the uncertainty of the age/size of
functional maturity. Our study provides key information for the sustainable management
of the U. cordatus fishery and confirms that the species is relatively slow growing and

long lived (> 10 yrs), suggesting a high vulnerability to overfishing.

Key words land crab; experimental enclosure; capture recapture; von Bertalanffy,
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1. Introduction

Knowledge of growth and mortality parameters is fundamental to understand how
exploited species respond to fishery and how a shift in fishing pressure may affect
populations and ecological performances. This paper aims at determining growth and
mortality parameters for the mangrove crab Ucides cordatus cordatus (hereafter referred
to as U. cordatus) in N-Brazil. This large species (carapace width, CW: males > 90 mm;
females > 70 mm) is the main leaf litter feeder in Brazilian mangroves and plays an
important ecological role by processing up to 81% of the litter production in some areas
(Nordhaus et al. 2006). Artisanal fishermen have been harvesting U. cordatus for
decades along the Brazilian coast, and in recent years several crab populations have
experienced strong declines due to deforestation, a fungal disease and overfishing
(Nordi, 1994; Botelho et al., 2000; Alves et al., 2005; Boeger et al., 2007). The fishery
targets mostly large males and in some areas yields are still six to eight tons per kmz2 per
yr (e.g. Caeté estuary, N-Brazil, Diele et al., 2005, Diele et al. in press). Current national

minimum legal capture size (MLCS) is 60 mm CW (IBAMA N° 034/03-N, 24.06.2003).

To our knowledge, no data on mortality parameters of U. cordatus have been published
as yet. While several studies investigated the growth of the species, large discrepancies
exist among measured growth rates. Extrapolations from juvenile growth studied in the
laboratory indicate that the species is slow growing, with an age of 6 to 10 years at 60
mm MLCS (Geraldes and Calventi, 1983; Ostrensky et al., 1995). Cohort-studies from
NE-Brazil based upon size-frequency distributions of field-sampled specimens contradict
these estimates. They indicate a manifold faster growth of U. cordatus with less than a
year of age at 60 mm MLCS (lvo et al., 1999; Vasconcelos et al., 1999; Monteiro and

Coelho Filho, 2000). Pinheiro et al. (2005) also applied cohort-analyses, but derived



almost five folds higher age estimates at 60 mm MLCS for a southern Brazilian crab
population compared to the NE-Brazilian cohort studies. The large differences among
the published growth estimates suggest that methodological problems inherent to cohort
analyses rather than biogeographic differences may be the cause: According to Hartnoll
(1982), it is improbable that year classes can be reliably discriminated in later growth of
large long-lived crustaceans, where clearly distinguishable cohorts are generally lacking,
thus complicating growth analyses. This could well be the case in U. cordatus, where all
cohort analyses were based upon size-frequency in which larger specimens were more
frequent than smaller ones. Laboratory growth studies (see above) on the other hand,
may not adequately represent the growth performance of free-living crabs. Clearly, the
strongly diverging growth estimates so far available for U. cordatus would result in
completely different management scenarios of this ecologically and economically
important species. Therefore alternative methods are needed to help estimate the

species’ growth more reliably.

Here we take a new approach by calculating growth parameters of U. cordatus from
direct size increment measurements of a wide range of different sized crabs in the field.
Data were obtained from tagged and recaptured specimens that were kept in 100m2
enclosures in a N-Brazilian Rhizophora mangle dominated forest stand. In addition to
these field studies, growth of first instar crabs up to an age of six months was monitored
in the laboratory to ensure good coverage of the whole growth curve. Mortality
parameters (Z, M and F) were estimated using length converted catch curves derived
from the calculated growth parameters and population census data (Diele et al., 2005).
Furthermore the exploitation rate (E) of the males was estimated. We compare our
results with previous studies and provide important information for the sustainable

management of the fishery of U. cordatus.



2. Material and Methods

2.1 Study area

The study area is located in northern Brazil, where approx. 65% of the countries
mangrove forests occur. Field experiments were performed in a Rhizophora mangle
dominated mangrove stand in the northern part of Braganca peninsula, Caeté estuary
(W 46° 76"- W 46°52°and S 0°80"- S1°07"). The region experiences semidiurnal macro-
tides with amplitude of up to 5m. Rainfall is approx. 2,500mm per year, mostly falling
between January and June, the rainy season. Average air (24-28°C) and water (27-
30°C) temperatures vary little over the year (INMET, 1992; unpublished data of the
research project “Mangrove Dynamics and Management”, MADAM). U. cordatus is

artisanally fished year round in the study area (Diele et al., 2005; Diele et al. in press).

2.2 Growth studies
A combination of laboratory studies (focussing on first instar crabs) and field studies
(focussing on larger/older crabs) was used to obtain growth estimates for specimens of a

wide size range.

2.2.1 Laboratory experiments

The growth of seven first instar crabs cultivated from field captured megalopae that had
metamorphosed in the laboratory (day of metamorphosis = age 0) was monitored for 16
to 28 weeks in 1998 (size of first instars between 1.37 - 1.55 mm CW). The crabs were
kept under ambient light (12 h light / 12 h dark) and temperature conditions (26.0 £ 1.3
°C) in a shaded outdoor laboratory at the University of Braganca (UFPa). Each crab was
placed in a 500ml plastic container filled to one side with mangrove sediment and to the

other side with estuarine water. The sediment contained infauna, such as the abundant



capitellid polychaete Notomastus lobatus, that served as a food source. R. mangle leaf
litter and shredded particles thereof were placed on the sediment surface as additional
food. When crabs had reached a size of approx. 3 mm CW, they were transferred to
individual 10Itr buckets filled two thirds with mangrove sediment and one third with
estuarine water. Water was changed every second day. Approx. every two weeks the
sediment was carefully sieved and the crabs’ carapace width measured to the nearest
0.1mm under a dissection microscope. Growth increment was calculated by comparing
the CW’s between subsequent measurements. Due to the small size of the juveniles,
their sex was not determined. For reducing mortality, sieving was postponed when
burrow entrances were plugged (as an indicator of moulting activities) and crabs thus
possibly soft-shelled. Sieving was only performed the day after a closed burrow had

been re-opened by the inhabitant to ensure that the crabs’ integuments had hardened.

2.2.2 Field experiments

For obtaining growth increment data from free-living crabs, 125 larger burrows plugged
over several days, abundant during the dry season, were excavated. According to local
fishermen, such burrows are typically occupied by moulting crabs. Seasonal moulting, at
least in larger U. cordatus specimens, is also known from other areas in Brazil
(Nascimento, 1993) while the crabs reproduce during the rainy season only (Alves,
1975; Castro, 1986; Diele et al., 2005). The excavated burrows were carefully searched
for recently moulted crabs and their exuviae. Only in five cases (three males, two
females) sufficient parts of the old exoskeleton were found to allow reconstruction of the
pre-moult size and to compare it with the new size of the already hardened crab. Due to
the low success rate of the above approach, several in situ capture-recapture
experiments were conducted between 1997 and 2000/2001, with crabs kept in 100m?

field enclosures. The enclosures were erected in a R. mangle dominated mangrove



stand, the favoured habitat type of the crabs. Enclosure walls were made of interlocking
wooden (1997 and 1998) or PVC laths (1999 — 2000/2001, see Fig. 1) that reached 1.0
to 1.2 m into the sediment and measured 1.5 m above the surface. Every 10 cm, 15 mm
holes were drilled into the walls to allow for unimpeded water flow. Food for the enclosed
crabs was provided by natural litter falling from the R. mangle canopy above, as well as
by younger R. mangle trees planted inside the enclosure. Behavioural observations of
free-living crabs have shown that U. cordatus is very territorial and does not move far
away from its burrows during foraging (average: 19cm, max: 1m; Nordhaus et al., 2009).
Daily R. mangle leaf litter fall in the forest was approx. 3 g DW m* (Nordhaus et al.,

2006).

INSERT FIGURE 1

To facilitate recapture, the enclosures were subdivided into one 75 m2 compartment for
larger specimens and two 12.5 m2 compartments for smaller crabs (Fig. 1). Several runs
of capture-recapture experiments were performed between 1997 and 2000/2001 (Table
1 and 2). Prior to the onset of each experiment, a professional crab collector removed all
specimens inside the enclosures. These were then stocked with males and females
measuring between 20.5 to 89.2 mm CW. To compensate for the edge effect, crabs
were released at densities slightly below natural (75m?2 compartment: approx. 1.4 indiv.
m2 versus natural average densities of 1.65 indiv. mfor larger crabs; 12.5m2
compartments: 2.24 to 3.2 indiv. m versus natural densities of 4.38 indiv. m? for smaller
crabs, Diele et. al., 2005). Preliminary observations had indicated that the enclosure
walls did not fully prevent movements in and out of the enclosures; therefore only tagged
specimens were released for enabling later identification (Tablel). Two different tagging

methods were applied, depending on the size of the crabs:



(i) Smaller specimens were heatbranded with a soldering iron for approx. 2 seconds on
the carpus of the larger cheliped, leaving a small white dot. After crabs had moulted, the
dot had faded but was still visible. In contrast to PIT-tagging (see below) branding did
not allow identifying crabs individually. However, only specimens belonging to specific
size classes and/or identical handedness per size class were released (Table 1), so that
average growth increment per size class could still be reliably measured. Between 1997
and 1999 a total of 189 heatbranded crabs with a CW between 20.5 and 45.5 mm were
released into the two 12.5 m2 compartments of the enclosures (Table 1). Recaptured

crabs were not used again for subsequent capture-recapture experiments.

INSERT TABLE 1

(i) Crabs > 40 mm were large enough for carrying individual passive transponders (PIT-
tags). These tags were implanted into the ventral basis of the merus of the third
pereiopod. Legs were rarely shed during or after injection of the tag and the wound
healed within two weeks (as observed in 25 test animals kept in the laboratory up to 3
months after marking). The PIT tag (Trovan ID 100, AEG / Telefunken) consists of a
glass-encapsulated cylinder measuring 2.2 mm in diameter and 11 mm in length and
was injected with a pre-sterilised needle using a hand injector. The tag has an operating
frequency of 128 kHz and provides a unique 12-digit code when energised by a 128 kHz
external power source provided by the Trovan LID 500 hand-held reader exciter
(maximum reading distance 16 cm). PIT tags have also been successfully applied for
monitoring growth in other crustaceans (Macrobrachium rosenbergii and Cancer
magister: Prentice, 1990; Paralithodes camtschaticus: Donaldson et al., 1992; Pengilly
and Watson, 1994). Between 1999 and 2000 altogether 134 different PIT-tagged males

(40.0 — 89.2 mm CW) and 114 different PIT-tagged females (40.0 — 69.7 mm CW) were



released into the enclosures (Table 2). Recaptured specimens were set free again for

subsequent capture-recapture runs if they had no injuries or limb losses.

For testing the impact of tagging on the survival of the crabs, 12 heatbranded, 12 PIT-
tagged and 12 untreated specimens were kept in the laboratory for 8 weeks, during
which none of the crabs died. In all field experiments only specimens with a full set of
pereiopods were used in order to avoid bias in growth increment due to regeneration. All
heatbranded and PIT-tagged crabs were tagged and released within two days after their
first collection. Only crabs in intermoult stage with fully hardened carapaces were
released. Colouration and integrity of their integuments indicated whether they had
moulted recently (early intermoult: dorsally shiny blue, ventrally bright white, smooth
surface, no injuries) or were in later intermoult stage (dorsally faint blue carapace,
ventrally darker white, large specimens often with injuries).The carapace width of both

released and recaptured crabs was measured with a calliper rule to the nearest 0.1 mm.

2.2.3 Growth models

Growth per moult was calculated (i) as percentage size increment (Pl = postmoult CW —

pre-moult CW / pre-moult CW x 100) and (ii) as absolute increment (Al = post-moult CW

— pre-moult CW). The relationship between Pl or Al and pre-moult CW was calculated by

simple linear, log-linear or quadratic equations.

The von Bertalanffy growth function (VBGF) (von Bertalanffy, 1934; Ricker, 1975) was

used to describe the growth of the crabs:

CW; = CW.. - (1-e"K(t0) 1)



where CW: is the length at time t, to is the age at zero length and K is the curving
parameter of the growth function. Growth parameters were estimated using a non-linear
iterative fitting algorithm (Generalized Reduced Gradient — GRG2) (Fylstra 1998),
provided in a spreadsheet developed by Brey (2001). The optimum combinations of K
and CW.. values were obtained by varying CW.. until the coefficient of variation for K was
minimized. to was set to -0.08 as larval development until moulting to juvenile comprises
approx. one month in U. cordatus (Diele 2000, Diele and Simith 2006). Munro’s @’
(Pauly and Munro, 1984) was used to calculate the growth performance of the fiddler
crabs:

@’ =log1o(K) + 2-10g10(CW-) 3)
This index allows for comparison of the growth potential of different species and thus

serves to evaluate patterns along latitudinal gradients and/or among taxonomic groups.

Age estimates were calculated by using the inversed VBGF. The maximum lifespan or
longevity was estimated by the equation of Taylor (1958): tmax = (3/K) and as the age

where 95% CW.. is reached.

2.3 Mortality

Total mortality rate (Z) for males and females was calculated using length converted
catch curves (Ricker, 1975; Sparre et al., 1989) assuming type Ill survivorship (Caddy
and Sharp, 1986) and single exponential mortality. To calculate the model, size
frequency distributions of the U. cordatus population of the Caeté estuary were taken
from Diele et al. (2005), and the parameters of the VBGF described above were used.
For the regressions only the right, descending arm of the catch curve was considered as

the left arm represents smaller animals that might not have been sampled quantitatively.
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Z equals the negative slope of the regression line. An Excel spreadsheet provided by

Brey (2001) was used for the catch curve analysis.

Natural mortality (M) was calculated after the empirical formula of Rikhter and Efanov
(1976):

M = 1.521 / (Tcwso %72) — 0.155

Where Tcwso is the age at which 50% of the population is mature. Tcwso was calculated
by transforming the size at gonadal maturity data of the local crab population (Vale,
2003) to age using the inverse VBGF. As it is common that specimens are
physiologically mature but do not yet reproduce, M was also calculated using Tcwrs and
Tewioo, thus the age at which 75% and 100% of the population reaches gonadal maturity.
Fishing mortality (F) was calculated by subtracting M from Z for the exploited males and
by dividing F by Z, their exploitation rate (E) was estimated. As females are hardly ever

harvested, their M should equal Z.

3. Results

3.1 Growth increment

3.1.1 Laboratory data

During the first two weeks after metamorphosis, the small juveniles built burrows at or
just above the water surface. Thereafter they burrowed in more elevated areas. Crabs
and/or their walking tracks were rarely seen on the sediment surface during the first 16
weeks and the leaf material offered showed no feeding marks during this time. Instead it
was observed that the small crabs feed upon the infaunal polychaete Notomastus

lobatus (n =5 observations during sieving for CW measurements). The number of
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walking tracks increased after week 16 and feeding marks on plant matter indicated that

crabs began to forage on the sediment surface.

The carapace width (CW) of the seven crabs cultivated for 16 to 28 weeks in 1998
continuously increased during the first three biweekly measurement intervals. Thereafter
size did not always increase at subsequent measurements indicating a decrease in
moulting frequencies (Fig. 2). At 10 to 11 weeks the crabs had reached a CW of 3.7 to
4.6 mm. Size differences between individuals augmented with age and at week 27/28
the largest specimens was 32% larger than the smallest still alive (11.5 versus 7.8 mm

CW) (Fig. 2), despite similar sizes at first instar (1.51 and1.52 mm CW, respectively).

INSERT FIGURE 2

INSERT TABLE 3

The relationship between pre-moult size and percent growth increment (PI) or absolute
increment (Al) was fitted with a linear, log-linear and quadratic model. The coefficient of
determination (R2) was highest when the quadratic model was applied (Table 3) and
significant both in Pl (P<0.01) and Al (P<0.001). PI ranged between 10.4% and 47.4%
between two measurements, which, in the latter case, probably referred to more than
one moult, given that the value is well outside the other measures (Fig. 3). Average PI
was 22.57 + 6.75%. PI decreased significantly with size, while Al increased until a pre-

moult size of approx. 7.5 mm, when it began to decrease (Fig. 3).

INSERT FIGURE 3
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3.1.2 Field data

50% of the crabs tagged and released into the field enclosures were recaptured at least
once (n = 217) yielding a total of 244 recaptures, when including multiple recaptures of
the same specimens (Table 4). From the heatbranded crabs, 52 males and 54 females
were recaptured. In the case of the PIT-tagged crabs, 72 and 39 different males and
females were recaptured (including two recaptures made 0.9m and 1.3m outside the
enclosure wall), yielding 73 and 30 size increment data, respectively (Table 4). In total
125 growth increments from males (pre-moult CW 20.5 to 82.4 mm) and 84 from
females (pre-moult CW 20.5 and 69.6 mm) were obtained from the capture recapture

experiments.

INSERT TABLE 4

From the PIT-tagged crabs, 56 males were recaptured once. Eight had not yet moulted
at the time of recapture, as indicated by the appearance of their carapace, while the
remaining ones had obtained a new and larger exoskeleton. Another 15 males were
recaptured two or three times with one or two increases in size. In females, 32 PIT-
tagged specimens were captured once. 13 had not yet moulted at the time of recapture,
two had moulted without attaining a larger size (66.0 and 66.7 mm CW, their
cephalothorax and all limbs were intact) and 17 had increased in size. Another seven

females were caught two or three times having attained one or two size increments.

The relationship between growth increment and pre-moult size was determined using
189 data sets for which the observed increase in size could confidentially be attributed to
one single moulting event, according to the appearance of the crab’s carapaces at

release and recapture and their specific times at free (males: 113 increments; females
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75). Linear, log-linear and quadratic models were used to fit the relationships. The
coefficient of determination (R?) was highest when the quadratic model was applied
(Table 3). Maximum percent increment (PI) per moult was 17.4% and 16.4 % in males
and females, respectively, and occurred in small crabs with a pre-moult CW of 30.5 mm
(Fig. 4A and B). Minima were observed in large crabs: The lowest Pl value, aside of the
two cases of zero growth (see above), was 0.5% increment in a male with 82.4 cm pre-
moult CW and 0.9 % in a female with a pre-moult CW of 64.7. In both sexes there was a
significant, generally inversely proportional relationship between pre-moult size and
percent growth increment (PI) (males: R2 = 0.612; P<0.0001; females: Rz = 0.618;
P<0.0001; Fig. 4A and B, Table 5). The relationship was also significant for absolute
growth (Al) (males: R2 = 0.400; P<0.0001; females: R2 = 0.401; P<0.0001, Fig. 4C and
D), where largest increments were found in intermediate size classes. Observed
maximum increments were 6.9 mm in males (pre-moult CW: 61 mm) and 5.8 mm in
females (pre-moult CW: 35.5 mm). The smallest Al values per moult occurred in larger
crabs, with minima of 0.4 mm (pre-moult CW: 82.4) and 0.6 mm (pre-moult CW:
64.7mm) in males and females, respectively (Fig. 4C and D). Pl and Al data from new
and old exoskeletons of five excavated free-living crabs (two females, three males, all
untagged) fit well into the growth pattern observed for tagged crabs of corresponding

size kept in the enclosures (Table 5).

INSERT FIGURE 4

INSERT TABLE 5

14



3.1.3 Moulting frequency
Several individual capture-recapture data sets give an indication of the frequency of

moulting of U. cordatus:

Indication for at least two moulting events per year in intermediate-sized crabs, one in
the dry and one in the rainy season:

0] All smaller males and females released into the 12.5m? enclosure
compartments in June/July 1997 (31.00 to 33.00 mm CW cohort) had
recently moulted as indicated by the early intermoult (El) stage of their
carapaces (Table 1). Five to six months after their release, 18 males (60%)
and 17 females (65%) were recaptured. All had grown and their carapaces
were in El stage again.

(ii) An intermediate-sized male measuring 48.2 mm CW released in May 2000
had grown by 2.7 mm when recaptured in November 2000. Both at release
and recapture the crab’s carapace was in El stage.

(iii) Three intermediate-sized males with a CW of 41.5 mm, 44.4 mm and 48.8
mm, all in El stage when first released in November 2000, had increased in
size by 4.0, 4.45 and 3.1 mm, respectively, when recaptured in May 2001.

(iv) Another intermediate-sized male with a CW of 44.9 mm was released in June
2000 and recaptured 11 months later. Both times the crab was in El. Its
carapace had grown over proportionally by 10.8 mm CW suggesting that this
male may have moulted at least twice during time at free.

Indication for variable moulting frequencies of similar sized crabs:

(1) A male in El stage measuring 48.2 mm CW released in May 2000 had grown

by 2.7 mm when recaptured in November 2000, while another male in El

stage with 50 mm CW had not moulted during the same time span.
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(ii) Two males with a CW of 48.8 mm and 54.0 mm released in November 2000
(both in El stage) had already grown when recaptured in May 2001, while two
other males of similar size (46.5 mm CW; 50.9 mm CW, El stage) showed no

size increase during the same time at free.

Sex-specific differences
(i) None of 13 females in El stage released in November 2000 (pre-moult size 44.7
to 63.5, average size 52.3 + 6.0 mm) had grown until their recapture in May
2001, whereas 5 out of 10 males in El stage (41,5 to 69.0 mm, average 55.8
8.7 mm) had increased in size during the same time span. The largest male

having moulted again had a CW of 62.7 mm.

Large crabs with a CW of approx. 60mm rarely moulted outside the dry season, as
indicated by the capture-recapture experiments as well as fishermen’s and own
observations on the appearance of their carapace throughout the year (Diele,

unpublished).

3.2. Von Bertalanffy growth parameters and age at size estimates

Most of the species’ size range was included in the assessment of the von Bertalanffy
parameters, resulting in a good coverage of the calculated growth curve with true
measurements (Fig. 5). The growth parameters show a good fit with R2 values > 0.9
(Table 6). Females have a 23% smaller asymptotic size (CW.) than males,
compensated by a 32% higher K-value, resulting in only minor variation in growth
performance between sexes (1.9%). The calculated asymptotic sizes (CW.) in males
and females were 7 and 2 mm lower than the maximum size observed in the field

(CWmax), respectively (Table 6).
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INSERT TABLE 6
INSERT FIGURE 5

Age estimates calculated by the inversed VBGF for maximum sizes and the size at 50%,
75% and 100% gonadal maturity indicate an overall slow growth and long lifespan of U.
cordatus (Table 7). Males and females reach 95% of the asymptotic size (CW«gs) in
17.54 and 11.90 years, respectively. Age at the legal minimum capture size of 60 mm
CW is 6.13 years in males (34.75% CW.gs5) and 7.38 years in females (60.02% CW «gs).
On Bragancga peninsula, average CW of the commercially exploited males is 74 mm
(Diele et al., 2005; Diele et al., in press; last data collection in December 2005), which

corresponds to an age of approx. 9.5 years according to the VBGF parameters.

INSERT TABLE 7

3.3 Mortality and exploitation rates

The instantaneous rate of mortality (Z) estimated from the catch curve of the crab
population sampling (Diele et al., 2005) was 0.69 £ 0.077 (95% confidence range) in
males and 0.49 + 0.086 (95% confidence range) in females (Fig. 6). Natural mortality
estimates range between 0.58 and 0.35 for males, and 0.49 and 0.26 for females,
depending upon the underlying age estimate for the three different sizes of gonadal
maturity (Table 8). Based upon the Z and M-values, the fishery mortality (F) and
exploitation rate (E) of males was calculated for each of the three M estimates ranging

between 0.16 and 0.5 (Table 8).

INSERT TABLE 8

INSERT FIGURE 6
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4. Discussion

4.1. Early juvenile behaviour and growth in the laboratory

The first instar crabs of U. cordatus cultivated in the laboratory stayed mostly below the
sediment surface during the first four months of their post metamorphic life. Their cryptic
lifestyle explains why we rarely found early juveniles in the field, unlike the juveniles of
sympatric species, such as fiddler and grapsid crabs. Larger numbers of small U.
cordatus specimens were recently found in NE-Brazil dwelling in burrow walls or
sediment plugs of conspecific burrows (Schmidt and Diele, 2009). In contrast to older
juveniles and adults who collect leaf litter on the forest floor (Nordhaus et al. 2009), early
juveniles were observed to feed on infaunal polychaetes in the present work. The
mangrove sediment of the Caeté estuary contains > 600 capitellid polychaetes
(Notomastus lobatus) per m2 (Beasley et al., in press), and nutrient-rich infaunal food is
thus available for the young recruits. Foraging below ground reduces the risk of
encountering predators and unfavourable abiotic conditions can also be avoided inside
the sediment. Juveniles are generally less tolerant to environmental extremes than
adults (Wolcott and Wolcott, 1988) and their comparably higher surface to volume ratio
renders them more susceptible to desiccation. Hence, the humid underground habitat
seems to offer many advantages for U. cordatus juveniles during their first months of life.
Future research (including stomach content analyses of free living juveniles) will focus
on the intrinsic and extrinsic factors triggering the switch from a life below ground as a
carnivore to feeding above ground on very abundant plant food that is however

comparably poor in nutrients, especially nitrogen.

Average relative size increment during the biweekly measurement intervals of the early

juveniles was 22.6 £ 6.6 % and decreased with increasing size, as was also observed in
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other crustaceans (e.g. Hartnoll, 1982 and 1983; Fletcher et al., 1990). Up to ten
individual size increments per crab were noted within the six month of laboratory study.
Whether this number equalled the number of moults or whether crabs moulted even
more often is not clear as their size was checked every other week only. The young
crabs varied considerably in size at same age, despite equal handling and similar initial
carapace width (CW): A 1.51 mm first instar crab measured 11.53 mm after approx. 6
months, whereas a former 1.52 mm crab of the same cohort grew to only 7.83 mm within
the same time span. A similar variation in size after 6 months was observed for a cohort
of free-living crabs of the land crab Gecarcinus ruricula (Hartnoll et al., 2006). It is
unlikely that variations in food quantity or quality have caused the diverging growth rates
in our study, as crabs were supplied with equal amounts of well mixed sediment taken
from the same location. The same holds true for sex specific differences in growth, these
are generally negligible in crustaceans prior to the onset of maturity (Ehrhardt and
Restrepo, 1989; Methot, 1989; Wolff and Soto, 1992). Alternatively we assume that
genetic differences and/or differences in maternal fithess or larval “histories” have

caused the diverging growth rates.

Clearly, growth is influenced by the amount (and quality) of food offered. For example,
early Ucides juveniles cultivated in preliminary trials without sediment change for more
than 50 days (Diele, unpubl.) grew distinctly slower than those in the present study that
experienced biweekly sediment renewal and consequently more abundant food. Early
juveniles kept without sediment by Pinheiro et al. (2005) grew also much slower, despite
being offered small pieces of fish. The frequent moulting of the small laboratory crabs in
the present study suggests that they were not food limited. To which extent, however,
their size increments are representative for free-living specimens is unknown, even

though the laboratory effect was minimized by cultivating them only during their first 6

19



months of their life, when being still relatively small and thus easy to handle. Since the
natural habitat of early juveniles was recently discovered in the field, future studies

should now try to monitor their growth in the field.

4.2 In situ growth rates, age at size estimates and longevity

The present study provides first direct in situ growth increment measurements of U.
cordatus obtained from larger tagged specimens kept in field enclosures. Free living
crabs showed a similar size increment after moulting as enclosed crabs of same size,
suggesting that growth was not influenced by the applied experimental procedures.

Our data show that U. cordatus is a slow growing species with a life span exceeding 10
years. Its growth can be well described by the von Bertalanffy function (VBGF), which
yielded asymptotic sizes (CW.-) within the range of maximum crab sizes found in the
field. The growth performance indices of the two sexes were similar (less than 2 %
variation) as the higher K-value of the females was compensated for by the larger CW-
of the males (see below). Crabs attain sexual maturity at a relatively small size. The
smallest berried female found in the Caeté mangroves measured only 29.0 mm CW
(Diele unpubl.), while massive gonadal maturity (CWsoy) was estimated to occur at 40.0
and 35.1 mm CW for females and males, respectively (Vale, 2003). Early sexual maturity
reduces the risk of dying without having reproduced, but the trade-off is slower growth as
energy allocation to reproduction reduces the amount available for somatic growth
(Hartnoll, 1985). In two Southern Brazilian Ucides populations, massive maturity occurs
at a similar size in females (43 mm CWsqy), but males mature later than in the Caeté
estuary (44 mm CWsoy: Dalabona et al., 2005; 51.3 mm CWsqy: Hattori, 2002; values
refer to morphological maturity). Attaining sexual maturity is a lengthy process rather
than a precise moment (Luppi et al., 2004), as morphological, gonadal and functional

maturity (e.g. courtship behaviour) are rarely synchronized (L6épez-Greco and Rodriguez,
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1999). For estimating natural mortality with the formula of Rikhter and Efanov (1976)
(see below), we therefore not only applied the age at 50% maturity, but also at 75% and

100% maturity.

U. cordatus has an indeterminate growth pattern, continuing to moult after reaching
maturity. Our capture-recapture study provides for the first time unambiguous data that
some males moult more than once per year until a size of at least 62.7 mm. Multiple
moulting was however much more common in intermediate sized males (until approx. 50
mm carapace width) than in larger ones and it was more frequent in intermediated sized
males than in females. Our results confirm earlier studies that large males and females
moult mostly once during the dry season (Nascimento et al.,1982, Nascimento, 1993).
Annual moulting also occurs in the large gecarcinid land crab Cardisoma guanhumi

(Felicano, 1962 cited after Wolcott, 1988; Taissoun, 1974).

In the Caeté estuary, U. cordatus males grow considerably larger than females.
Maximum size was 17% greater in males captured during population sampling than in
females (87.5 mm CW versus 73 mm CW, respectively). Fishermen that target only the
uppermost size classes even catch larger males (maximum CW 99 mm, Diele et al.,
2005). The sexual dimorphism in body size of crabs in our study area is also reflected by
estimates obtained with the VBGF, which gave a 23% higher asymptotic size value for
males (males: CW. = 92.00 mm; females: CW. = 71.00 mm). A similar trend is known
from other U. cordatus populations (for review see Pinheiro et al., 2005) and many other
crab species (Hartnoll, 1982). A larger male size may result from smaller energy
investment into reproduction, allowing them to allocate more energy into growth
compared to females (see also Hartnoll, 1985; Hartnoll et al., 2006). However, observed

maximum sizes of crabs in other exploited Brazilian U. cordatus populations differ much
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less between sexes than in the Caeté estuary (for review see table 3 in Pinheiro et al.,
2005). For example in Iguape (Sao Paulo State), the largest captured male was only
6.4% larger than the largest female. In contrast, in the state of Amapa the intersexual
size difference of U. cordatus was similar to our study (20%; Viera, 1997). If, irrespective
of site-specific differences (see below), a distinct sexual size dimorphism is the natural
state of (unexploited) U. cordatus populations, similar male-female sizes in exploited
stocks would point to a high intensity of a given fishery and vice versa, as only large
males are typically targeted. The unexploited females, on the other hand, are ideal for
comparing natural intrasexual differences in maximum sizes across different locations,
as their size distribution is relatively unaffected by fishery. Female maximum sizes range
between 61 (Ceara: Mota Alves, 1975), 83 mm CW (Ceara: Ivo et al., 1999) and even >
91mm CW (Amapa: Viera, 1997). A clear latitudinal trend is not detectable (see also
Pinheiro et al., 2005, Table 3) and the reason for the large intraspecific differences is
unclear. Possibly, variations in nutritional composition of the leaf litter or sediment

promote different maximum sizes of U. cordatus in different locations.

Age at size estimates for Ucides cordatus in the Caeté estuary calculated by the inverse
VBGEF indicate 3.26 and 2.76 years of age at massive maturity (CWsos) and of 6.13 and
7.38 years at 60 mm minimum legal capture size (MLCS) for males and females,
respectively. There are several factors that may result in over- or underestimation of true
age at a given size. For instance, specimens with greater genetic fithess may grow
faster, likewise those from locations with better food quantity or quality (Hartnoll, 1982;
Wenner et al., 1985). In crabs having suffered limb loss, age is probably underestimated
due to energy allocation into regeneration, which reduces overall growth increment

(Hartnoll, 1988). Nevertheless, age at size estimates are valuable tools for extrapolating
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the overall growth of a species, despite individual variability, especially when based

upon a large set of data as in the present study.

Previous studies of growth in U. cordatus gave highly controversial estimates concerning
age at size and longevity. The in situ growth increment data of this work does not
support former results that the species is very fast growing with less than 1 year of age
at 60 mm MLCS and a maximum life span of only two to three years (lvo et al., 1999;
Vasconcelos et al., 1999; Monteiro and Coelho-Filho, 2000). Such fast growth is not very
likely for U. cordatus, given the combination of the species’ large size, nutrient-poor diet
(see below) and slow metabolism (Diele and Koch, in press). The studies mentioned
above applied cohort-analyses basing upon size-frequency distributions. The
distributions were dominated by larger crabs, monthly sample sizes were relatively small
(sometimes < 100 specimens per sex) and visually detectable polymodal peaks
progressing over time were lacking. The latter is typical for long-living crustaceans
rendering cohort analysis highly subjective in such cases. This was clearly demonstrated
by different researchers analysing a set of identical length-frequency data of the slow
growing spanner crab Ranina ranina, resulting in large discrepancies (Boullé, 1995, cited
after Kirkwood et al., 2005). Another cohort-analysis, performed by Pinheiro et al. (2005)
for U. cordatus in southern Brazil, indicated much slower growth than the former cohort-
studies, with a maximum life span of > 10 yrs. Hence, their results are much closer to
our estimates than the ones from NE-Brazil. The southern Brazilian crabs, however,
seem to attain 60 mm MLCS faster than the crabs at our northern Brazilian study site
(3.8 and 4.7 years at 60 mm CW in males and females respectively versus 6.13 and
7.38 years). It remains open whether this discrepancy is method-based (see above) or

the result of different environments. For example, S-Brazil experiences less rainfall and
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smaller salinity fluctuations than our Amazonian study site and crabs may thus need to

spend less energy for osmoregulation, leaving more energy for growth.

Slow growth and long life spans as in U. cordatus are also known from other large land
crabs: The gecarcinid crab Cardisoma guanhumi for example, is estimated to be around
13 years old at 98 mm CW (Henning, 1975) and Gecarcinus ruricola 10 to 15 years at 70
to 100 mm CW (Hartnoll et al., 2006). As in U. cordatus, these species mainly feed upon
plant material poor in nitrogen. In some species, additional protein may be derived from
occasional cannibalism, as was observed in Cardisoma carnifex (Diele, unpubl.). Protein
supplementation also enhances growth in C. guanhumi and Gecarcinus lateralis (Wolcott
and Wolcott 1984 and 1987). U. cordatus is also nitrogen limited as crabs fed with
additional proteins grew twice as much as those supplied with pure mangrove leave diet
(Ostrensky et al., 1995). In contrast, large carnivorous and scavenging crabs grow much
faster: Male Cancer polyodon (Wolff and Soto, 1992) and Chionecetes bairdi (Donaldson
et al., 1981) attain 65 mm CW in 1.2 and 3.9 and years, respectively, and the mud crab
Scylla serrata reaches 80 to 160 mm CW in only one year (Hill, 1975). The strongly
diverging growth pattern and life spans of large carnivorous versus herbivorous crabs
thus appear to result from their different diets and metabolism. Slow growth of land crabs
seems to be an adaptive response to limited nitrogen (Wolcott and Wolcott 1987 and

1992).

4.3 Mortality and exploitation rates
The estimates of total, natural and fishing mortality given in this study are the first
published for any U. cordatus population to our best of knowledge. Total mortality in

males was 30% higher than in females (Z = 0.69 and 0.49, respectively), as was
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expected from the sex-selective impact of the male-only fishery realized in the study
area. As total mortality (Z) equals production (P) per biomass (B) (Z = P/B) under
equilibrium conditions (Allen 1971), the turnover ratio of U. cordatus is probably low (Z=
P/B = 0.69 in males) when compared to carnivorous aquatic crabs such as Callinectes
arcuatus (Zmaes = 2.49 (Fischer and Wolff, 2006). Former calculations of the P/B ratio of
U. cordatus in the Caeté estuary resulted in an even lower value (P/B = 0.16; Koch and
Wolff 2002) than in the present study, but were probably underestimates as these
calculations were based upon size-frequency distributions dominated by older and thus

less productive crabs.

Natural mortality estimates (M) for females could be obtained by two independent
methods, due to their unexploited state. M should equal Z derived from the catch curve
analysis (F = 0; Z =M = 0.49) and did so as demonstrated by the very similar M value
obtained by the formula of Rikhter and Efanov (1976) from the age at first maturity at
tcwso (M = 0.49) and tcwzs (M = 0.44). M calculated from tcwioo Was however distinctly
lower (M = 0.26). The similarity of M derived from the catch curve with the first two
values of the second method suggests that these estimates are reasonable. For the
exploited male population M could only be calculated by the Rikhter and Efanov formula.
Their M values were higher than the females’ values for all maturity scenarios. Based on
the results of the females derived from two independent methods, the estimates from
age at massive maturity at tcwso (M = 0.58) and tcwzs (M = 0.53) are more realistic than
the estimate derived from tcwioo (0.35). Pinheiro et al. (2005) estimated age at functional
maturity as 3 and 2.8 yrs in males and females, respectively, for which M values of 0.53
and 0.56 are calculated here for his SE-Brazilian crab population. These results match
well with the M estimates for the Caeté crab population, at least for males. At our study

site predation is probably the most significant natural mortality factor as crab racoons,
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crab hawks and cancrivorous fishes are very abundant in the mangroves. The lethargic
crab disease, caused by fungi, which recently caused dramatic mass mortalities of U.
cordatus in several locations of NE-Brazil, has not yet reached N-Brazil. In males
considerable mortality further occurs during synchronized mate searching activities.
During the 3 to 4 days of mass mating events (“andanga’-events, Diele and Koch, in
press) males heavily fight for females and we frequently observed seemingly exhausted
and dying specimens in the mangroves around this time. In addition to these natural
mortality factors, male crabs, particularly the large ones, are targeted by fishermen
(Diele et al., 2005). Our estimate for fishery mortality (F= Z-M) of the male population in
the Caeté estuary, however, is rather low (F = 0.11 and 0.24 in scenario 1 and 2,
respectively) and suggests that the rate of exploitation (E = 0.16 and 0.24 in scenario 1
and 2, respectively) is as yet relatively low in the study area. This corresponds with the
finding that (i) large males are still relatively abundant in the Caeté mangrove forests, (i)
fisheries landings are 22% below the calculated maximum sustainable yield (Diele et al.,
in press), (iii) the size of the captured crabs has not decreased in recent years (data
series 1997-2005, Diele et al., 2005 and Diele et al., in press) and only legal artisanal

fishing techniques are applied.

In summary, by providing in situ growth increment data for the first time, our study
ascertained that the mangrove crab U. cordatus is a slow growing species. This is in line
with other large herbivorous land crabs worldwide. Slow growth suggests a high
vulnerability to overfishing, calling for reliable fisheries monitoring and careful
management of this resource. It also underlines that compliance of laws that ban capture
techniques facilitating high exploitation rates are crucial for the sustainability of the
fishery of this slow growing crab (Diele et al 2005, Diele et al in press). In the future,

post-settlement mortality and growth of early juveniles should be studied in the field,
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given that the natural habitat of this important stage in the species’ life cycle is now

known (Schmidt and Diele 2009).
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Table 1. Release size, handedness, number and intermoult status of heatbranded U.
cordatus crabs released into two 12.5 m2 compartments inside 100 m?2 field enclosures
each year between 1997 and 1999. Recapture Date: Date when the enclosure was
searched for the tagged crabs. CW: Carapace width; H: handedness; L: Left-handed; R:

Right-handed; El: Early intermoult; LI: Later intermoult.

Release Date Size at release H Males Females Recapture
CW in mm Released Released Date
1997, June/July  31.0/32.0/33.0 L/R 30 (El) 26 (El) 1997, Nov/Dec
1998, April 30.0/31.0 L/R 26 (LI) 27 (L) 1998, August
1999, May 20.5 R 2 (L) 2 (LI 1998, August
1999, May 25.0/26.0 L 6 (LI) 6 (LI) 1998, August
1999, May 30.0/31.0 R 8 (LD 11 (L) 1998, August
1999, May 35.0/36.0 L 12 (L) 14 (L) 1998, August
1999, May 45.5 R/L 10 (LI) 9 (LI) 1998, August
Total 94 95

Table 2. Release / recapture dates and number of PIT-tagged U. cordatus crabs
released into a field enclosure each year between 1999 and 2000. Recapture Date: Date
when the enclosure was searched for the tagged crabs. Number in brackets: Renewed

release of recaptured crabs.

Release Date Males Females Recapture Date
Released Released

1999, April 61 41 1999, October

1999, August 0O (6 O 1999, October

1999, October 0 (13) O @) 2000, May/June

2000, May/June 28 (12) 29 (5 2000, October/Nov

2000, October/Nov 45 (17) 44 (10) 2001, May

Total 134 114
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Table 3. Relationship (R2 values) between percent (PIl) or absolute growth increment (Al)

and pre-moult carapace width of early juveniles cultivated in the laboratory and crabs

kept in the field enclosure.

Linear model

Pl
Al

log-linear model

Pl
Al

Quadratic model

Pl
Al

Laboratory
Unsexed

0.141
0.708

0.086
0.799

0.213
0.820

Field enclosure

Males

0.568
0.051

0.523
0.025

0.612
0.400

Females

0.617
0.341

0.601
0.306

0.618
0.401

Table 4. Number of tagged U. cordatus crabs recaptured from the field-enclosure

between 1999 and 2001, total number of recaptures resulting from multiple recaptures of

the same individuals and number of observed growth increments. Brackets indicate the

number of initially released crabs.

Sex and tagging Recaptured Total number Growth
method specimens of recaptures increments
Heatbranded males 52 (94) 52 52
PIT-tagged males 72 (134) 89 73

Total males 124 158 125
Heatbranded females 54 (95) 54 54
Pl-tagged females 39 (114 49 30

Total females 93 103 84

All crabs 217 (437) 244 209
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Table 5. Average values and standard deviation of percent (PI) and absolute growth

increment (Al) per moult per size class of crabs kept in the field enclosure. Only

increments that could confidentially be attributed to one single moulting event within a

specific time at free were considered (males: n = 113; females: n = 75). CW: Carapace

width. CW with *: Growth increments of excavated free-living specimens.

Cw Males Cw Females
(mm) (mm)
n Pl (%) Al (mm) n Pl (%) Al (mm)
<40 40 10.87+3.28 354+1.17 <40 39 11.67+3.16 3.75+1.09
40<50 12 9.88+250 4.34+103 40<50 8 7.07+258 3.28+1.12
50<60 14 827+216 456+108 50<60 11 452+127 2.38+0.66
60<70 27 582+181 369+103 60<70 15 288+124 1.79+0.76
70<80 14 361+111 259+0.76
> 80 3 1.43+0.87 1.17%0.71
59.2* 1 6.93 4.1 52.8* 1 4.55 2.40
60.4* 1 5.79 3.5 62.0* 1 3.23 2.00
63.3* 1 5.37

Table 6. Parameters of the von Bertalanffy growth function (CW, K), the curve fit (R?)
and the growth performance value (®’; basing upon CW. cm ). Size range: Pre-moult
size of the crabs for which growth increment data were obtained (laboratory and field
data joined); CW p.max. Largest crab captured during population sampling (Diele et al.,
2005; Females: n = 1997; Males n = 2552); CWe max: Largest crab encountered in catch
of fishermen (Diele et al., 2005, Diele unpublished, n = 81708) as well as average of the
2% largest crabs (CWay). In males CWy, refers to the catch of fishermen, in females to

the population sampling.

Size CW. K R2 @’ CW p.max CWF_max CWo2y
range (mm) (Y (mm) (mm) (mm)
(mm)
Males 1.37-82.4 92 0.17 0.993 1.16 87.5 99.0 83.8+14
Females 1.37-69.6 71 0.25 0.992 1.10 73.0 - 68.8+1.3
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Table 7. Age at size estimates (yrs). tcwso, tcwrs, tcwioo: age at size of 50, 75 and 100%
gonadal maturity, number in brackets: CW in mm (Vale, 2003). tmax: maximum age after
calculated afterTaylor; tmaxes: Mmaximum age where 95% of CW..is reached. tso: age at
legal minimum capture size (60 mm CW); t74: age at average capture size realized on
the Bragancga peninsula (74 mm CW, Diele et al., 2005). No value is given for female

crabs as they are only very sporadically harvested in the Caeté estuary.

tcwso tcwrs tcwioo tmax tmaxos Teo t7a
Males 2.75 3.04 4.67 17.64 1754 6.13 9.52
(35.1) (37.9) (51.0)
Females 3.26 3.64 6.06 12.00 11.90 7.38 -

(40.02)  (43.00) (55.70)

Table 8. Mortality parameters (Z, M and F) and exploitation rates (E). M, F and Z were
calculated from crab population sampling data (Diele et al., 2005) for three scenarios
basing upon the age at 50%, 75% and 100% of gonadal maturity (1: tcwso, 2: tcwrs, 3:
tcwioo,; See Table 7). No F and E values are given for female crabs as they are only

sporadically harvested in the Caeté estuary.

Scenario 1 Scenario 2 Scenario 3
Z M F E M F E M F E
Males 0.69 058 0.11 0.16 053 0.16 024 035 035 0.50
Females 0.49 0.49 - - 0.45 - - 0.26 - -

31



Figure 1
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Figure 3
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Figure 5
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Figure Captures
Fig. 1. 100 m? PVC field enclosure for U. cordatus capture-recapture experiments in
mangroves of Braganca peninsula, N-Brazil. The enclosure comprises one 75 m? and

two 12.5 m2 compartments. See text for explanations.
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Fig. 2. Growth of juvenile U. cordatus cultivated for 16 to 28 weeks in the laboratory after
metamorphosis from the megalopal stage (n = 7; 1998). Broken lines highlight size
constancy between subsequent measurements. Legend indicates size (CW in mm) of

crabs at first instar.

Fig. 3. Percent (PIl) and absolute growth increment (Al) of juvenile U. cordatus (n = 7)
during approx. biweekly measurement intervals with moulting events occuring. The crabs
were cultivated in the laboratory for 16 to 28 weeks in 1998. Dark data points were

excluded for regression analysis.

Fig. 4. Percent growth increment (A and B) and absolute growth increment (C and D) per

moult of male and female Ucides cordatus kept in field enclosures.

Fig. 5. Von Bertalanffy growth curves of male and female Ucides cordatus, Braganca
peninsula, N-Brazil (see Table 6 for growth parameters). The curves base upon 125
male and 84 female growth increments of specimens kept in field enclosures and on 17
growth increments from first instar crabs kept in the laboratory. The growth curves are

plotted up to the age at which 95% of the maximum asymptotic size (CW-) is reached.

Figure 6. Total mortality (Z) assessed with the catch curve analysis for males and

females captured during population sampling (Diele et al., 2005).
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