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16 Energy density was measured for key intertidal and subtidal crab species in the Southwestern Atlantic Ocean. Empirical models were I
7 developed to link energy density to water content (expressed as dry weight) and the fit to data was compared between different taxonomic 78
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19 species or group were also evaluated. Neohelice gmnDana, 1851) (3728 J/g wet weight) contained the highest energy density 80

20 followed by Cyrtograpsus angulatus Rathbun, 1914 (33| p wet weight), and C. altimanus Dana, 1851 (3042 J/g wet weight). Females 81

21 (3645 J/g wet weight) showed higher energy density compared to males (3074 J/g wet weight). Dry weight of whole individuals 82

22 provided good energy density predictions, with low predictiv@er when using species or same genus models (6.4-9.6% for the median 83

23 error). Predictive power improved when more specific levels onomic aggregation were employed. Interestingly, the two congeneric 84

24 Cyrtograpsus did not differ in their energy density predictor model, suggesting a unique model could be used for this genus. This paper 85

o5 provides valuable inputs for bioenergetic mo in coastal ecosystems in the Southwestern Atlantic. 86
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29 20

30 INTRODUCTION Wanink, 1993; Pedersen and Hislop, 2001; Brey et al., o

31 . .. 2010). The traditional methods to estimate energy density, g,

a2 Ene}rgy 1S a common .e)fchange. currency f°f_an,y yvmg o adiabatic bomb calorimetry and proximate analysis, are o5

4  ganism, and the way it is used is crucial for individual sur- o0 ce and time consuming processes (Craig et al., 1978). o4

a4 vival and is strongly shaped by natural selection. Individual o man and Brant (1995) presented empirical relationships o5

a5 behavior and_ life history, popu'latl'on dy?amlcs’ a.nd S between energy density and less costly variables to estimate g

% t.em metabolism could be studied in a bioenergetic perspec- fish energy density, based on its negative relationship with o

7 tive (McNab, 2002; Brown et al., 2004). The first stepf==)y  water content in tissues (measured as percent dry weight). o

g  Dioenergetic study is the estimation of energy densi ~  Ciancio et al. (2007) validated these empirical models for a g9

39 thgr by direct or 1nd1rect. methgds. As Ciancio et al. (2007) large and diverse data set of Patagonian aquatic invertebrate 100

4 Ppointed out, energy density by itself could be used to evalu- and vertebrate organisms, and demonstrated that their use 101

41 ate adiverse array of ecological hypothesis, e.g., relate diet  regylted in a low predictive error. More recently, James etal. 102

4o uality to offspring growth or breeding performance (Wan-  (2012) found similar results in a meta-analysis for aquatic 103

43 lessetal., 2005), explain the foraging behavior of predators  4nd terrestrial invertebrates, showing that these models are 104

4a  (Benoit-Bird, 2004), and determine the physiological sta- ot affected by taxonomic, seasonal, or spatial variability. 105

45 tus of organisms (Schultz and Conover, 1997). In addition, Given the growing interest and potential applicability of 106

46  bioenergetic models, which are very sensitive to energy den-  bjoenergetic modelling in aquatic systems, energy density 107

47 sity of organisms, are widely used to investigate a diverse  values or predictor models for additional taxa are needed. 108

4  array of environmental problems such as the potential ef- This is more evident for crabs, for which there are a few 109

49 fects of fish introductions (Ruzycki et al., 2003; Ciancio et available estimations. Neohelice granulata (Dana, 1851), 110

so al., 2010), global warming (Hill and Magnuson, 1990), as Cyrtograpsus altimanus Rathbun, 1914, and C. angula- 111

51 well as other related problems in aquatic ecology (Brantand  ys Dana, 1851 are widely distributed crab species inhabi- 112

s Hartman, 1993; Trudel and Rasmussen, 2001; Harvey et al., ting brackish coastal lagoons, salt marshes, mudflats, and 113

53 2002). rocky shores of the Southwestern Atlantic Ocean in Brasil, 114

54 Despite the relevance of energy density for ecological Uruguay, and Argentina (Spivak, 1997; Boschi, 2000). 115

55  studies, information is still unavailable for many key species These species, particularly the burrowing crab, N. granu- 116

s6 in several regions. Moreover, the energy density for the lata, constitute key species for coastal ecosystems (Borto- 117

57 same species can vary considerably with individual size lus and Iribarne, 1999; Botto et al., 2005; Gutiérrez et al., 118

58 or among seasons (e.g. Hislop et al., 1991; Zwarts and 2006), and are prey of several waterbird, fish and other crab 119

59 120

60 121
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ies (Spivak, 1997; Garcia et al., 2008; Josens et al.,

,10; Berén et al., 2011; Suarez et al., 2011). The aim of

this study was to: (1) determine the energy density by di-
rect bomb calorimetry of these three Southwestern Atlantic
Ocean crab species, and (2) generate empirical models cor-
relating energy density with water content and evaluate their
predictive power and error.

MATERIALS AND METHODS

Fifty five individuals were sampled with size ranging from 8.3 to 34.3 mm
carapace length. Samples of N. granulata and C. angulatus were collected
from the Bahia San Blas protected area, Buenos Aires Province, Argentina
(40°33’S, 62°16’W) during November 2011 and of C. altimanus from Bahia
Nueva, Chubut Province, Argentina (42°45'S, 65°02’W) during December
2011. Crabs were randomly collected from intertidal areas, and body size
of each individual was measured as maximum carapace width (CW) with
digital callipers to the nearest 0.1 mm. Crabs were then categorized as
“small” (CW < 15 mm), “medium” (15 < CW m) and “large”
(CW > 35 mm). Sex was identified by the shape e pleon, and the
reproductive status of females (presence of eggs) was noted. Individuals
were chopped, homogenized, dried in an oven at 60-80°C for 24-72 hours,
and then ground to powder. Wet and dry weights were recorded with a
precision of 0.001 g by weighing the homogenate before and after drying.
One-gram pellets, consisting of whole-body samples of 1-6 individuals
(Table 1), were pressed and burned at 30 atmospheres of oxygen in a
bomb calorimeter (Parr model 1241) to determine gross energetic content.
Fuse wire corrections were determined after each combustion event. Energy
density is expressed in Joules/gram (J/g) wet weight (WW) and Joules/gram
wet weight ash free, estimated in the same way as WW but extracting the
mass of ashes from the mass of the pellet (AFWW = J/(mass pellet —
mass of ashes after combustion)). Energy density is expressed in AFWW to
explore the effect of the large exoskeleton of crabs, which could constitute

Table 1.
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a large fraction of the dry mass but produce a small amount of heat dv
the combustion and remain mostly as ashes.

An empirical linear model with energy density (ED) as the dependent
variable and percent dry weight (DW) as independent variable was used:

ED = a + bDW

A likelihood ratio test was used in order to compare the fit of the model
to different species, with the null hypothesis being that there were no
differences in slope and intercept in pair wise group comparisons (Hilborn
and Mangel, 1997). Four types of regressions were calculated, with different
levels of aggregation of the data (species, genus, sex, and all data). Hence,
the follawing regressions were considered: C. altimanus, C. angulatus, N.
raru Cyrtograpsus spp., males, females, and all individuals (Table 2).

arctive power of regressions was evaluated using a goodness-of-fit
criterion that depends on prediction errors. For each of the n individual
samples available, we obtained a prediction for energy density from its
observed dry weight and the linear model fitted to the remaining points.
The proportional distance between the prediction obtained in such manner
and the observed energy density was used as a prediction error for that
observation (“one item-out cross validation,” Linhart and Zucchini, 1986).
Median and 90th percentile of observed errors were used as measures of
the predictive power of different regression models. To evaluate the costs of
aggregating species or using “surrogate” species models in the estimation
of specific caloric contents, prediction errors from each of the species-
specific regressions were compared with those derived from regressions
for aggregated taxonomic group (All species or models of Cyrtograpsus,
Table 3), with the species under scrutiny excluded. The effect of species and
sex on energy density was explored using a two-way ANOVA. Normality
of data was visually inspected using qqplot and homogeneity of variances
by the Bartlett’s test. All statistical analyses were performed in R software
version 2.15.1 (R Development Core Team, 2011).

Summary of the energy density estimated for male and female Neohelice gr@e, Cyrtograpsus altimanus and C. angulatus of different size
and reproductive status. N/pellet is the number of individuals included in each pellet b

in the calorimeter. Energy density is expressed in Joules per

gram wet weight (WW) and as Joules per gram ash free wet weight (AFWW). The size range is expressed in millimetres. Means are presented £ 1 SD.

Species Sex Size category Size range N/pellet % dry weight ED (J/gWW) ED (J/gAFWW)

C. altimanus Male small 8.3-13.6 6 32.8 2717 3113
Male medium 15.1-23.2 3 342 3101 4141
Male medium 15.8-24.4 2 30.7 2905 3820
Female small 8.8-13.8 6 373 3380 4768
Female medium 19.3-24.4 2 345 3221 4272
Female medium 16.4-23.0 4 254 2929 2841

C. angulatus Male small 9.8-14.7 4 28.7 2487 3879
Male medium 12.3-13.8 2 259 2287 2916
Male large 343 1 35.8 3354 4646
Female small 11.3-14.9 3 43.6 4116 4694
Female medium 18.4-23.8 2 41.3 3946 5509
Female large 32.6 1 31.8 3363 4194
Female large 294 1 28.9 3785 3869

N. granulata Male small 8.9-13.2 5 41.3 3887 4475
Male medium 15.4-18.5 2 342 3581 4600
Male large 33.6 1 28.2 3352 4711
Female small 9.5-13.9 4 40.2 4289 5138
Female medium 16.2-23.4 2 325 3637 4320
Female large 329 1 29.8 3442 4497
Female medium 18.1-23.7 2 26.8 3889 5041
Female large 294 1 253 3750 4797

Mean C. altimanus 3042 + 239 3826 + 729

Mean C. angulatus 3334 £ 707 4244 + 817

Mean N. granulata 3728 + 297 4697 £ 283

Mean males 3074 £ 523 4033 £ 664

Mean females 3646 + 393 4495 + 690
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expressed in Joules per gram wet weight and the second value to enl
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& ¢ 2. Linear regression models between energy density and percent dry weight for all species and groups of species analyzed with intercept W
7 ope b, and their predictive power, expressed as the median and 9 Q rcentile of error. The first value corresponds to the model fitted to energy den.i
ensity expressed in Joules per gram ash free wet weight.

Regression Error N
r? a b Median 90th percentile

All sp. 0.28/0.26 1721/2167 51/64 8.0/8.4 26.3/36.5 21
Males 0.62/0.24 193/1744 88/70 11.2/9.7 17.8/35.4 9
Females 0.26/0.29 2589/2533 31/59 10.1/9.5 15.7/21.9 12
Cyrtograpsus spp. 0.55/0.72 740/70 74/120 6.2/9.6 20.4/19.3 13
C. altimanus 0.38/0.72 1868/—1105 36/151 6.4/8.3 18/21.9 6
C. angulatus 0.62/0.77 536/656 82/106 6.6/5.7 28/26 7
N. granulata 0.3/00 2844/4813 27/3.5 7.8/6.6 11.2/11.4 8
RESULTS The median prediction errors were under 9% in all

The percent dry weight ranged from 24.30 to 43.50%
(Table 1). Energy density ranged from 2287 to 4289 J/g WW
and 2841 to 4289 J/g AFWW (Table 1). Two-way ANOVA
indicated that energy density mean values differed among
species and between sexes expressed both in WW (P =
0.006 and 0.008, respectively) and AFWW (P = 0.033
and 0.036, respectively). The interaction between sex and
species was not significant for both models (P = 0.07 and
0.49). Neohelice granulata showed the highest ED values,
and females showed higher values than males (Table 1).

Energy density, expressed either in J/g wet weight, or
expressed in J/g ash free wet weight was positively corre-
lated with percent dry weight for species specific models
(r* = 0.30-0.77), males (r> = 0.24-0.62), females (r> =
0.26-0.29), Cyrtograpsus spp. (r> = 0.55-0.72), all the data
grouped together (2 = 0.28-0.26) except for the model that
included the energy density expressed in an ash free base for
N. granulata (P = 0.85) (Fig. 1; Table 2). Most of the mod-
els had positive intercepts (70-2844) and low slope values
(27-151). Species pairwise comparisons of slopes and inter-
cepts showed that C. angulatus and C. altimanus regressions
were not significantly different for values expressed as WW
and AFWW (likelihood ratio test P = 0.21 and 0.26, respec-
tively) and differed from N. granulata (both P ,pues < 0.001)
for energy density expressed in a WW base. Sex regressions
differed for values expressed as WW (likelihood ratio test
P = 0.015) but no difference was found when comparing
energy density expressed in an AFWW base (likelihood ra-
tio test P = 0.24).

Table 3. Predictive error of using surrogate species regressions, derived
from regressions for aggregated taxonomic group, with the species under
scrutiny excluded. The first value corresponds with the model fitted to
energy density expressed in Joules per gram wet weight and the second
value fitted to energy density expressed in Joules per gram ash free wet
weight.

All sp. model Cyrtograpsus model

Median 90th Median 90th
percentile percentile
C. altimanus  13.7/12.2  23.3/44.3 6/3.4 7/25
C. angulatus 6.4/10.3  28.3/23.5 7/11.9 16.5/16.7
N. granulata 14/7.5 30.1/15.1

regressions, and the 90th percentiles of error were under
26% for individual species regressions (Table 2). Prediction
errors were larger for species grouped regressions (median =
6.20-11.20%, 90th percentile = 19.30-36.50). While the
prediction error did not vary significantly for energy density
expressed in WW or AFWW, the variance explained by the
models (expressed here by r?) was larger for the species
of Cyrtograpsus when the energy density was expressed
in AFWW. Using surrogate regressions also provided low
prediction errors. The errors for the median ranged from 6 to
12% in the case of the genus model (Cyrtograpsus model),
and from 6 to 14% for the all sp. model (Table 3).

DISCUSSION

The present work provides the first estimate of the energy
density of C. altimanus and energy density predictor models
for the three main crab species inhabiting the southwestern
Atlantic coast of South America. Previous studies of the
energy content of N. granulata and C. angulatus report
estimates that were based only on their soft tissues (Garcia
et al., 2008; Josens et al., 2010; Berén et al., 2011), yet
whole body energy density values provided in this study
are more appropriate for bioenergetic modeling of predator-
prey interactions (Hanson et al., 1997). Interestingly the two
congeneric Cyrtograpsus species showed similar values and
did not differ in their energy density predictor model.
Because pellets consisted of whole individual crabs,
including exoskeleton, our energy density predictor models
did not fit as well (r> = 0.24-0.77) compared to other taxa
in which hard structures represent a smaller fraction of dry
weight, such as many species of fish or molluscs (r> range
0.93-0.99, Ciancio et al., 2007). Therefore, energy density
expressed in AFWW was included in the analysis in an
attempt to compensate the effect of exoskeleton on predictor
models. As expected, models using values expressed in
AFWW offered a better fit for both Cyrtograpsus species
models (> WW = 0.38 and 0.62; r> AFWW = 0.72
and 0.77 for C. altimanus and C. angulatus respectively).
Using same-genus models produced similar results to the
species-specific regression models, with similar prediction
errors (Table 3). N. granulata showed a different and
weak relationship between energy density and DW, which
could be driven by a different body composition than
Cyrtograpsus crabs. The clear differences among models
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54 . . . . . . . . 115
55 in intercepts and slopes may be explained by the variation Seasonal and ontogenetic changes in energy density ;4

56 in the amount of different body components (Zwarts and have been reported for a diverse array of aquatic species 117
57 Wanink, 1993), very likely the different proportion of (Brawn et al., 1968; Pedersen and Hislop, 2001; Breck, 118
s calcareous structures among these crab species. Females 2008). Therefore, the energy density estimates obtained 119
59 showed higher mean energy density than males, likely as in this study (Table 1) should be carefully used when 120
60 a result of the accumulation of lipids in gonads which are bioenergetic modelling without considering seasonal or 121
61 larger in females than in males. ontogenetic changes and the sexual or physiological status of 122
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os. However, the empirical relationships between energy

- cnsity and dry weight (Table 2) are not affected by these

variables (Ciancio et al., 2007; James et al., 2012), providing
energy density predictors that could be used under any
condition.
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