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The interpretation of isotopic data in ecology requires knowledge about two factors: turnover rate and the
trophic discrimination factor, which have not been well described in freshwater shrimps. We performed

a 142-day diet shift experiment on 174 individuals of the omnivorous shrimp Macrobrachium borellii,
measured their growth, and temporally serially sampled muscle and hepatopancreas tissue to quantify
carbon and nitrogen incorporation rates and isotope discrimination factors. Shrimps were fed with artificial
diets (8"°C = -26.1%o, 8"°N= 2.1%o) for 45 days in attempt to standardize the shrimps’ initial 5"°C and §'°N
values for subsequent experiments. Shrimps were then fed with another artificial diet (8"°C = -16.1%o, §"°N
= 15.8%0) and the change in 5'°C and 5'°N was observed for a period of 97 days. The trophic discrimination
factor (A) for 8"°C was significantly higher in hepatopancreas (0.7 + 0.36%o) than in muscle (-0.1 +
0.83%o); however, the opposite was the case for 8"°N (1.7 + 0.43%o and 3.6 + 0.42%, respectively). In the
hepatopancreas the mean residence time (t) of °C was 26.3 + 4.3 days compared to a residence time of
16.6 + 5.51 days for 3"°N, whereas the T in muscle was 75.8 + 25 days for 3"°C and 40 + 25 days for 5"N.
The rate of incorporation of carbon into muscle was higher than that predicted by allometric equations
relating isotopic incorporation rate to body mass that was developed previously for invertebrates. Our
results support ranges of traditional trophic discrimination factor values observed in muscles samples of
different taxa (AN around 3-3.5%0 and A™C around 0—1%o), but our work provides evidence that these
traditionally used values may vary in other tissues, as we found that in the hepatopancreas AN is around
1.7%o.
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BACKGROUND and "N stable isotope analyses (SIA). These analyses

have become increasing available and affordable and

The study of the relative importance of the a central tool to investigate the structure and dynamics
different food sources in freshwater food webs stands of ecological communities (Peterson and Fry 1987,
as a key issue to understanding ecosystem function Post 2002; Benstead et al. 2006). The interpretation
(Marchese et al. 2014). An important tool to assess of isotopic patterns in ecological systems hinges on
the flow from different resources to consumers is 8"C two pieces of information: The small difference often
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observed between the isotopic value of tissues and those
of diet (DeNiro and Epstein 1978), and the temporal
response of change in the consumer’s tissues’ isotopic
values (Tieszen et al. 1983; Karasov and Martinez del
Rio 2007).

The difference in isotopic values between a
consumer’s tissues and its diet is called the trophic
discrimination factor and symbolized by A (A= 8, —
d4ie) (Peterson and Fry 1987; Post 2002; Mccutchan et
al. 2003). It is an important component as it represents a
correction factor of the mixing models used to estimate
the proportions of different diet components (Phillips
and Gregg 2003; Caut et al. 2010). Estimating the
value of A is central to assessing assimilated diets of
wild animals when using stable isotopes (Robbins et
al. 2010). Despite the large variability in nitrogen and
carbon discrimination factors, most isotope model
studies have used a single discrimination factor for
carbon and nitrogen 0—1%o for "°C and 3.4%o for
8"°N. These values are, often obtained from published
reviews (Fry and Sherr 1984; Minagawa and Wada
1984; Post 2002; Vanderklift and Ponsard 2003; Caut et
al. 2009; Sabat et al. 2013). But these values represent
averages of large data sets that combine laboratory
and field measurements and that have relatively large
amounts of variation. Because using inappropriate
values for discrimination factors can lead to large errors
or meaningless results (Caut et al. 2009), empirically
determined discrimination factors are most reliable for
diet reconstruction in mixing models (Boecklen et al.
2011).

Since different tissues incorporate assimilated
dietary elements at different rates, they integrate this
information over different temporal scales (Bearhop
et al. 2002). Isotopic ecologists should be interested
in the time course of the incorporation of the isotopic
signature into an animal’s tissues for two reasons: first,
this information determines the time window through
which they can perceive the course of changes in the
isotopic composition of an animal’s diet (Newsome
et al. 2007). Second, by sampling different types of
tissues in a single individual, SIA permits can be used
to explore how an animal uses resources over a variety
of temporal scales (Martinez del Rio 2008). The time
window that a tissue represents is determined with
diet shift experiments designed to measure the rates of
incorporation, or turnover, and the residence times of
different elements in a tissue (Martinez del Rio et al.
2008; Martinez del Rio and Carleton 2012).

Conducting one more isotopic incorporation
experiment on a species, and on a variety of tissues
is not only important for understanding the isotopic
data for that particular species in the field, it also adds
to a body of data that will make performing those
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experiments unnecessary in the future (Martinez del Rio
and Carleton 2012). Numerous studies have investigated
the trophic roles and interactions of macroinvertebrates
using stable isotope analysis (March et al. 2002;
Atkinson et al. 2010; Schoeller et al. 2010; Marchese
et al. 2014; Saigo et al. 2016; Mao et al. 2016; Liptak
et al. 2019). Nevertheless, to our knowledge, there is
only a single published estimated value of AN and
A"C in a freshwater crustacean: a study on Cherax
destructor (Carolan et al. 2012) that reported an
unusually low value for AN (1.5 £ 1.0%0) in muscle.
This observation raises the question of whether the
typically assumed + 3.4%o is appropriate for freshwater
crustaceans. For that reason, we aimed to determine the
turnover of carbon and nitrogen in the hepatopancreas
and muscle of Macrobrachium borellii as well as the
trophic discrimination factors (A"’N and A"C) and to
assess how these values compared with values for other
organisms (reviewed by Vanderfklift and Ponsard 2003;
Vander Zanden et al. 2015).

Our study is the first to directly evaluate and
compare muscle and hepatopancreas’ tissue-specific
isotopic incorporation rates and trophic discrimination
factors in an omnivorous macroinvertebrate of
the Parana River’s floodplain. Within the group of
omnivorous macrocrustaceans that inhabit the floodplain
of the Parand River, Macrobrachium borellii stands
out as the most suitable species to carry out this type
of study, since is a common and widespread shrimp in
the southern cone of South America (Brazil, Argentina,
Paraguay and Uruguay). As an omnivore, M. borellii has
a large impact on energy flow in the food web, having a
higher interaction index in the trophic webs than other
macrocrustacean species (Carvalho et al. 2016), and
making it a key species in the food webs of freshwater
environments (Collins et al. 2007 2012). Moreover, M.
borellii has an adequate size and life cycle (Vogt 2012)
to carry out this type of study that requires at least one
year of extension and a minimum amount of sample to
perform stable isotope analysis in the tissues of interest
(Martinez del Rio and Carleton 2012).

The natural diet of M. borellii is characterized
mainly by animal items and but also by algae (Collins
and Paggi 1998; Collins 2005; Carvalho et al. 2016).
However, the variety and availability of potential prey
changes with the unstable environmental conditions
of floodplain rivers. Saigo et al. (2015) constructed a
food web model for benthic invertebrates in different
lakes belonging to the Parana River floodplain and
highlighted that M. borellii may experience changes
in its trophic relationships caused by the periodic
fluctuations in the availability of resources given by the
dynamics of pulses in floodplain rivers. Consequently,
it is relevant to know the isotopic incorporation rates
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of 8"*C and 8N in different tissues, since these cover
different time windows which can be inserted in the
different phases of the hydrosedimentological regime of
the Parana River, and therefore be related to the changes
that occur in the availability of trophic resources. In
this sense, the hepatopancreas of crustaceans would
reflect recent additions to the metabolic circuit and
muscle tissue would provide information on a wider
time window (Martinez del Rio et al. 2009). Therefore,
by determining both the turnover rates and trophic
discrimination factor of M. borellii, we will be able to
analyze more precisely its trophic role in aquatic food
webs and elucidate how this can vary over time in
subsequent studies.

MATERIALS AND METHODS
Origin and maintenance of shrimps

Adult M. borellii individuals (with a carapace
length greater than 15 mm) were collected in the Salado
River (Santa Fe, Argentina 31°40'28.4"S; 60°45'16.7"W)
during May 2017, and transported to National Institute
of Limnology (INALI, Santa Fe, Argentina). A total of
174 shrimps were distributed in nine 35-liter aquariums
(18-20 shrimp per aquarium) holding dechlorinated
water at a constant temperature (25.4 £ 0.7°C) and a
12/12 (light/darkness) photoperiod. Dissolved oxygen
(6.5 £ 0.47 mg/1), oxygen saturation percentage (79.1 +
6.0 %) pH (7.6 + 0.2), conductivity (145.7 + 18.7 ppm),
ammonium (0.14 £+ 0.19 ppm), nitrite (1.26 + 0.80) and
nitrates (0.19 + 0.30 ppm) were recorded weekly with
electronic sensors (Hanna HI 98130/9146). To record
ammonium levels, the Nessler method was used, for
nitrites the NitriVer® 3 1 method, HACH 8507 method
with USEPA compliance as an effluent report and for
nitrates the Nitra-Ver® 5 method, cadmium reduction
according to method Ac 8171. Shrimp were fed daily
ad libitum (to avoid starvation), and after feeding
30% of the water of the aquaria was renewed to avoid
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contamination. This design was maintained throughout
the experiment.

Experimental setup
Selection of diets used in the trial

Initially, artificial diets with proven survival
rates were chosen because we sought to reduce the
variability associated with the type of food supplied
(Choi et al. 2016; Collins and Petriella 1999). For this,
two diets (Table 1) with known 8"C and 8N isotopic
differences (two-sample Welch test: 5"°N: ¢ = -386.32,
8"C: t = -363.88, p < 0.0001) were selected (see Table
1 for details about the composition and isotopes values
of experimental diets) to maximize the separation of
the values obtained before and after the diet change
and to obtain reliable parameters (Martinez del Rio
and Carleton 2012). We also sought to ensure that the
diets had a high nutritional quality to rule out unwanted
metabolic responses with respect to a low-quality
diet (Carvalho et al. 2020). Both diets had a similar
protein, lipid, and carbohydrate content (diet 1: protein
45.7%, lipid 24.4%, and carbohydrate 29.57%, diet 2:
protein 49.4%, lipid 20%, and carbohydrate 28.6%)
and essential nutrients that cannot be synthesized by
shrimp (Carvalho et al. 2020). This was achieved by
incorporating Chlorella vulgaris in diet 1 (Choi et al.
2016) and fishmeal in diet 2 (Table 1) (Carvalho et al.
2020). Finally, to elaborate the diets, both diets were
considered to represent feeding pathways recorded in
previous studies (Marchese et al. 2014; Saigo et al.
2015; Carvalho et al. 2016), so diet 1 mainly comprised
algae (a particularly important source for this species at
a certain time of year) and diet 2 represented sources of
animal origin (items of animal origin are recorded in the
diet of M. borellii throughout the year with variations
according to the environmental offer).

For 45 days, from the time of capture until the
start of the diet-switch experiment, shrimps were fed
on diet 1 with low 8"C and §"N values (Table 1). This

Table 1. Composition and isotope values of experimental diets (%o)

Composition

Isotope value

Diet 1 wheat flour 22%, concentrated soybean meal 33%, Chlorella vulgaris 12%, canola oil 16%, soybean meal 6%,
cholesterol 1%, grenetin 4%, mixture of vitamins and minerals® 2%, bicalcium phosphate 4%.
Diet 2 fish flour 60%, starch 27%, fish oil 2%, cholesterol 1%, grenetin 4%, commercial fish diet containing mixture

vitamins and minerals® 2%, bicalcium phosphate 4%

5°C =-26.1%0
5N =2.1%o

5°C =-16.1%0
5"°N = 15.8%0

*Manufactured by Nutralia S.R.L. (Santa Fe, Santa Fe, Argentina). Maximum values of active principles in g/1,000 g: vitamin B1 ((0.550); vitamin
B2 (1.925); vitamin B6 (1,238); vitamin B12 (4.125); niacin; pantothenic acid (5.978); vitamin C (27.500); biotin (5.500); vitamin A (3.385); vitamin
D (0.550); vitamin E (44.000); vitamin K (11.000); iron (50.417); zinc (64,706; copper (15.714); manganese (0.917); selenium (18.750); phosphorous

(0.314); and maltodextrin (excipient).
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timescale was used because 45 days was assumed to
be approximately four isotopic half-lives according to
the body mass of individual shrimps (average: 0.6 g),
considering specific growth rate during this period, and
according to values in literature (Hobson and Clark
1992; Karasov and Martinez del Rio 2007; Thomas and
Crowther 2015; deVries et al. 2015). Consequently, the
shrimps should have been close to isotopic equilibrium
at the end of this period. Then individuals were
switched to a new a diet 2—hereinafter called Day 0
of the experiment—with significant statistically higher
3"C and 8"N values (Table 1).

To measure growth over the course of the
experiment, the mass of a subset of 64 individuals
(three of the initial nine aquariums) was recorded on
Day 0 and at the end of the experiment (day 97). Each
individual was measured at the beginning (cephalothorax
length mean: 18.20 + 0.7) and at the end of the trial
(cephalothorax length mean: 18.26 £ 0.9) with an
electronic digital caliper (0—150 mm; Schwyz), and
weighted three times at 15-second intervals to the
nearest ug. At the end of the experiment, the parameters
weight gain (WG), specific growth rate (SGR), and
survival (S) were calculated were calculated using the
following formulae:

WG(g): final weight — initial weigth

In final weight — In initial weigth
Number of days x100

SGR(%day ") =

Diet 1
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final number of shrimps
initial number of shrimps

S(%) = x100

Significant changes in growth variables were
evaluated using a Wilcoxon two-sample test.

From the remaining 110 individuals (six of
the nine initial aquariums), we took muscle and
hepatopancreas samples to later perform the stable
isotope analysis. For this reason, on Day 0 of the
experiment nine individuals were randomly selected to
be euthanized on ice and their hepatopancreas dissected.
After being switched to the new diet (diet 2), 3 to 6
individuals were randomly sampled on days 1, 2, 4,
7, when isotopic change was greatest. Then samples
were taken on days 13, 19, 25, 31, 40, 64, and the latest
samples were collected after 97 days of the diet switch
(Fig. 1).

All the samples were lipids extracted following
Ingram et al. (2007) recommendations in order to adjust
8"C values and minimize shifts in 8"°N. To do this,
chloroform-methanol extractions based on the original
protocols of Bligh and Dyer (1959) were performed.
Then the samples were dried at 50°C to constant mass,
ground to a fine powder with a mortar and a pestle,
placed in sealed tin capsules (580—1920 pg), and stored
in a desiccator.

Stable isotope analysis

Samples’ 8"°C and §"°N isotopic compositions
were analyzed with Carlo Erba 1110 Elemental

Diet 2

; Day 0 Extraction frecuency in all aquarium
All the time 1_8 020 N=};74_’ Day: 1. 2. 4,7, 13, 19, 25, 31, 40,
per aquarium ‘ 64,97
eccccce||evecsce]||essccee ecccnce||ecee oo
occecce||eccecse||eccccee eccevce||ocee ee ™
YY) YY) YY) YY) oo °
eecosce||o0cccse||eessese| Dict-Switch o oo g ecee oo
e0ceccce||0vsccce]|lecsccee| cxperiment |eceee coee oo
YY) XYY YY) Y oo °
e0ccsee|[sccscse||ecscsse I ecceeee ooood oo é
eccccee||sccccce]||ocsccse escccce||0cee oo
YY) YY) YY) YY) ee .

9 aquariums =174 -

45 days

9 aquariums: start 174

97 days

Fig. 1. Scheme of the trial design to determine the turnover rates and the trophic discrimination factor of the freshwater shrimp Macrobrachium
borellii. The black circles represent the shrimp. The composition of the diets is detailed in table 1. During the trial period, the following variables
were controlled for: temperature, photoperiod, dissolved oxygen, oxygen saturation percentage, pH, conductivity, ammonium, nitrite, and nitrates.
The extraction of the specimens was carried out completely at random. On the extraction days, samples of hepatopancreas and muscle were obtained.
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Analyzer coupled to a Thermo Delta V IRMS at the
Wyoming University’s Stable Isotope Facility (EEUU).
Stable isotope ratios were expressed using standard o
notation in parts per mil (%o) as:

Rsample

X = ( Rstandard

~ 1) x 1000

where R, and R, 4.« are the molar ratios of the
heavy/light isotope of the sample and the reference,
respectively. Samples were referenced against
the international standard, the VPDB for 8"°C and
atmospheric N (AIR) for 5'°N. We use Glutamic 1
(Standard reference material 36-UWSIF-Glutamic 1,
n =24, 8"C = -28.3 = 0.3%o and 8"°N = -4.6 = 0.09%o),
Glutamic 2 (Standard reference material 39-UWSIF-
Glutamic 2, n = 20, §"°C = 24.4 + 0.14%o and §"N =
27.9 + 0.06%0), and liver (Standard reference material
UWSIFO1 n =28, "°C =-17.8 + 0.03%o and "N = 6.8
+ 0.06%o0) as internal references.

Statistical analysis

Statistical analyses were done with R Core Ream
(2019) (Develop-ment Core Team, The R Foundation
for Statistical Computing, Vienna, Austria). We used
coexponential one- and two-compartment models to
describe the time course of isotopic incorporation
and AICc to assess whether one or two compartment
models were better supported by data and used »* as
a qualitative estimate of the fit of the fitted non-linear
models of isotopic incorporation (Martinez del Rio and
Anderson-Sprecher 2008). Because in all cases, one-
compartment models received better support (A AIC, >
3.0), we only presented data from these models. Briefly,
these models are of the form:

0X(t) = a + b(exp(—At))

In this equation X is the stable isotope (°C or °N),
0X(?) is the isotopic value of the tissue at time (¢), a is
the asymptotic isotopic value of the tissue after a diet
switch, and b is the difference between the asymptotic
isotopic value of the tissue and the isotopic value of the
tissue prior to a diet switch. The value of A represents
the instantaneous rate of isotopic incorporation (with
units equal to time -1), and its reciprocal (1/ X) equals
the mean residence time T (in units = days™). The latter
parameter provides an intuitive measure of residence
time in days.

The diet-to-tissue discrimination factor also
can be calculated from the incorporation rate model.
Discrimination factors were calculated for both isotopes
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as:
A'= "X, shrimp — &"prey

where A" is the trophic discrimination factor for &
stable isotope, 0" X, shrimp is the estimated value of the
steady-state isotopic composition of the shrimp tissue
and ¢'prey is the mean isotopic value of new diet (diet 2).

RESULTS

The weight gain (WGQG) at the end of the trial
was 0.195 + 0.45 g (initial weight: 0.692 + 0.23; final
weight: 0.886 = 0.39), specific growth rate (SGR)
was 0,003%, and survival (S) was 52%. There were
no significant differences found between the final and
initial masses (Wilcox two-sampled test Z = 1.7497,
p = 0.08057) or in the final and initial lengths of the
cephalothorax (Wilcox two-sampled test Z = 0.30458,
p=0.7633).

The composition of 3"°C and §"°N rapidly
increased over time immediately following the change
in diet (Fig. 2). The isotopic composition of M.
borellii changed during the experiment (97 days) and
approached diet 2, as expected. The values of A"”C for
muscle tissue range from -0.93 to 0.73%o and A"°N from
3.18 to 4.02%o, while for the hepatopancreas the A"°C
values range from 0.34 to 1.06%o and for A”N from 1.27
to 2.13%o.

In the two tissues the isotopic discrimination factor
(A) was greater for 3'"°N than for §"°C. This parameter
for 8"°C was significantly higher in hepatopancreas than
muscle. However, in the case of 8N the values were in
the opposite direction: the isotopic discrimination factor
(A) was greater in the muscle than in hepatopancreas
(Table 2). Because shrimp did not grow during our
experiments, A can be interpreted as an estimate of
steady elemental turnover (Martinez del Rio and
Carleton 2012). In this case, the incorporation of both
elements conforms to a single compartment model. The
isotopic incorporation rate of hemolymph was faster
than that of muscle, both for "°N and for §"C. In the
hepatopancreas turnover rate A for 5"°C was 0.038 +
0.006 -days. This parameter takes more time for 8"°N
in the hepatopancreas and presents a value of 0.063 +
0.020 -days. In the muscle the registered values of the
turnover rate for both "°N and §"°C are lower than in
the hepatopancreas. The respective values were 0.0132
+ 0.004 -days for 8"C and 0.023 = 0.01315N -days for
8"°N (Table 2). In consequence, in the hepatopancreas
the mean residence time (t) of 3"°C was 26.3 = 4.3 days
compared to a residence time of 16.6 £ 5.51 days for
8"°N, whereas the T in muscle was 75.8 £ 25 days for
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8"C and 40 + 25 days for "N (Fig. 2).

DISCUSSION

The incorporation of the carbon and nitrogen
isotopic values of diet into the tissues of Macrobrachium
borellii was well described by a single compartment
model. These models allowed estimating the fractional
incorporation rate of carbon and nitrogen stable isotopes
into the shrimps’ muscle and hepatopancreas, and the
isotopic discrimination factor (A) between these tissues
and diet. Here we interpret these values by considering
the absence of growth during the experiment, and by
comparing the values with those found in other species
of shrimp and with the values expected from allometric
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models.

During the experiment, the specimens of M.
borellii did not grow significantly. In the revision of
Vogt (2012) it is explained that although this species
continues to molt throughout its life, the time intervals
between molts increases with age and the growth
that accompanies each molt declines (Vogt 2012).
Because our experiments included adult individuals
of the largest sizes observed under natural conditions,
the negligible growth rate and survival observed is
expected (Collins and Petriella 1999). Regarding the
survival rate obtained, this may be due to the species’
own senescence period, which has a life expectancy of
2 years (Vogt 2012), which was remarkably close to
being reached at the end of the experiment, due to the
experiment extension and the size of shrimp used in

24 - a

100

,llnlllxlllxlllxlnlx]
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813¢c

-22

. +-24
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Fig. 2. Temporal changes in the isotopic value of the tissues of the freshwater shrimp Macrobrachium borellii after a diet shift. One-compartment
models described the changes in changes in §"°C (a) and 5"°N (b) adequately well. For each graph, the curve is the best fit. Circles indicate individual
shrimp sampled at each time (1, 2, 4, 7, 13, 19, 25, 31, 40, 64, 97 days). The black circles represent the hepatopancreas and the white circles the
muscle. Dashed black line represents the 5"°C and 8N value of diet 2. The isotope values for diet 1 were §"°C = -26.1%o0 and 1 §"°N = 2.1%o.

Table 2. Model parameters + standard error from one-compartment isotopic incorporation rate models predicted for

the freshwater shrimp Macrobrachium borellii

Tissue Isotope n Model 7 for model fit ~ Mean residence  Elemental turnover Equilibrium Discrimi-nation

time 1 (d) rate A (d™) Value 6, (%o) factor A (%o)
H BC 47 -1547-(6.7) " 0.88%** 263+4.3 0.038 +0.006 -15.47+0.36 0.7+0.36
H "N 47  17.38-(4.73) "% 0.70%%* 16.6 +5.51 0.063 +0.020 17.38 £ 0.43 1.7+0.43
M Bc 48 -16.19 - (4.95) & 0.78%%* 75.8£25 0.0132 £ 0.004 -16.19+0.83 -0.1+0.83
M "N 48 193 -(1.74) " 0.59%*x* 40.0 £25 0.023 +0.013 193 +0.42 3.6+0.42
M = muscle tissue, H = hepatopancreas tissue, n = sample size. ¥ = P < 0.001.
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it. However, the shrimp were not growing, they were
feeding normally and as demonstrated by the positive
values of incorporation rate, they were assimilating the
food offered.

In a great variety of animal species, it has been
acknowledged that the average values for A”C and AN
range from -0.6%o to + 2.7%o and 3 to 5%, respectively
(DeNiro and Epstein 1978). In our study the values for
A”C for muscle tissue -0.93 to 0.73%o agreed with Post
(2002) suggesting a mean of 0.39 £ 1.3%o and with
those obtained by Latli et al. (2017) in two species of
freshwater fish larvae (-0.3 and -0.1%o). Nevertheless,
they contrast with those values suggested in other works
about a greater fractionation in freshwater fish muscle
samples (A”C ~ 2%o) and in crustaceans’ (A"”C from
2 to 4%0) (Parker et al. 1989; Yokoyama et al. 2005;
deVries et al. 2015). The same is true for nitrogen,
although the values obtained in the present study (3.18
to 4.02%o) agree with those commonly cited A”N in
the literature and are like the fractionation found in
muscle of marine crustaceans (3.6 to 4.0%o) (Yokoyama
et al. 2005). They differ from the values obtained in
other crustaceans; for instance, 2.2%o in Litopenaeus
vannamei (Downs et al. 2014) and 0—1%o for mantis
shrimp Neogonodactylus bredini (deVries et al. 2015).
In the last two cases, the quality of the diet provided
and whether the animals grew during the trial may have
had impact. Robbins et al. (2010) reported a highly
significant interspecific negative correlation between
A"N and the diet’s protein value. Due to growth,
Martinez del Rio et al. (2009) predicted that AN should
be lower in growing than in non-growing animals.
Moreover, deVries et al. (2015) affirmed that in rapidly
growing crustaceans low AN values can result from
consuming diets with a high protein content which have
C: N ratios less than 6. In our case, the food supplied for
shrimps contained high quality protein C: N = 5.9 but
the animals did not grow during the trial, and that could
be the reason why we did not obtain low AN values.
In the trials conducted by deVries et al. (2015), the
diet they used had a higher protein value than our diet
(C: N ratio of 3. 9), yet (and similarly to our case) the
animals did not show a significant growth rate. In the
essay conducted by Downs et al. (2014) with the Pacific
white shrimp Litopenaeus vannamei the fact that shrimp
have grown during the test can at least partly explain
the obtained AN value. Lefrebvre and Dubois (2016)
showed evidence that trophic discrimination factor (A)
values are linked to growth of individuals and that it
is highly relevant to estimate growths in experiments
and in field studies to estimate trophic discrimination
factor values. However, more studies are necessary to
clarify the relevance of both factors, growth, and protein
content on the diet, on A values in crustaceans.
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The factors that shape trophic discrimination
values in crustaceans are still unknown. Possible reasons
for the interspecific variation observed in A values are
differences in the quality of the diet fed in experiments
(Robbins et al. 2010) and differences in growth
(Martinez del Rio et al. 2009). A recent experiment
on the Mysid Neomysis integer demonstrated a strong
negative relationship between AN and growth rate
(Gorokhova 2018). Our results revealed a small
(= 0.8%0) and statistically non-significant differences
between the A”C of muscle and hepatopancreas, but a
larger and statistically significant difference between
the AN values of muscle and hepatopancreas (mean
difference = 2%o, t = 4.4, p < 0.01). Differences in
discrimination factors among tissues can be due to a
variety of causes, including differences in amino acid
composition (amino acids and other compounds can
vary widely in "°C and 3"N values, according to Macko
et al. (1986) and Perga and Grey (2010)) and differences
in in-situ deamination (Hobson et al. 1997; Logan et al.
2006; Schmidt et al. 2007; Tieszen et al. 1983; Wolf et
al. 2009; Yokoyama et al. 2005). Independently of the
causes of these differences, and because A values can
have strong effects on the application of isotopic values
for ecological inferences (for example in the estimation
of trophic position (Post 2002) and in mixing models
(Jackson et al. 2014)) our results suggest that ecological
inferences likely demand using tissue-specific A values.

The rate at which tissues of an animal incorporate
the isotopic value of resources is determined by both
the addition of new material (growth) and by the
replacement of material exported from the tissue as a
result of catabolism turnover (Fry et al. 1982). Because
experimental shrimp did not grow during the experiment
their rates of isotopic incorporation, and therefore the
average retention time of elements in the tissue, was
only determined by catabolic turnover (Martinez del
Rio and Carleton 2012). Rapidly growing crustaceans
have been reported to have faster incorporation rates
than those reported here for M. borellii. In this sense,
Bojorquez-Mascarefio and Soto-Jiménez (2016)
reported nitrogen half-life time to be between two and
five in muscle of postlarvae of Litopenaeus vannamei
marine shrimps. Glon et al. (2016) reported "°N and
3" half-lives in muscle of two freshwater crayfish:
Orconectes rusticus and O. virilis. In the first of them,
8"°N and &" half-lives were 30.38 and 36.71 days,
respectively, while mean 3"°N and " half-lives of O.
virilis were 27.96 and 33.20 days, respectively. Carolan
et al. (2012) estimated a 8"°N half-live 19 days in
muscle of the freshwater crayfish Cherax destructor.
However, Busst and Britton (2017) estimated a muscle
8"°N half-time of 84 days for a slow growing freshwater
fish Barbus barbus and deVries et al. (2015) estimated a
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muscle "N half- live time of 50 days and a §" half-live
of 62 days in adults of mantis shrimps, Neogonodactylus
bredini, which also did not grow significantly during the
trial. Considering the aforementioned, we hypothesize
that faster values in early-stage decapods are due to the
contribution of growth rate to isotopic turnover.

The residence time of carbon was longer than that
of nitrogen, and the residence time for both carbon and
nitrogen and nitrogen was higher in hepatopancreas
than in muscle (Table 2). The former results suggest
higher turnover of nitrogen due to amination and
transamination coupled to conservation of the carbon
skeletons of some indispensable amino acids (Mente et
al. 2002). The higher turnover of both 3"°C and "N,
and the concomitant shorter average isotopic retention
times in hepatopancreas than in muscle is consistent
with the observation that isotopic retention times appear
to be higher in splanchnic than in structural tissues
(Martinez del Rio et al. 2009). Whether this is the case
in crustaceans is unknown, although higher protein
turnover in hepatopancraes than in muscle has been
reported in Penaeus esculentus (Hewitt, 1992). This
difference between tissues offers the opportunity to use
different tissues to assess dietary changes at different
time scales.

deVries et al. (2015) and Vander Zanden et al.
(2015) compiled large data sets to construct allometric
equations that predict the isotopic incorporation from
body mass. Our experimental estimates for M. borellii
allow us to assess those predictions. To maintain
consistency with Vander Zanden et al. (2015), we
transformed the estimated average retention times
to half-lives (t,, = Ln (2)t) and used only values for
muscle. We compared these values with those predicted
by the equation derived by Vander Zanden et al.
(2015) for invertebrate muscle. We used 0.60 grams
as the average body mass of M. borellii. The equation
estimates a half-life of roughly 23 days. The average
half-lives (+ SE) estimated experimentally for 8"C and
8"N in the muscle of M. borellii are 75.8 + 25 and 40.0
+ 25 days, respectively. These values are higher than
those estimated by allometric equations, although the
values are well within the 95% confidence intervals
of the predicted values. Allometric equations are often
accurate but imprecise (Martinez del Rio 2008; Vander
Zanden et al. 2015), especially when body mass is the
sole predictor of a given trait. Their imprecision is
perhaps expected given the relatively rough categories
included as covariates in allometric analyses, and the
observation that these equations do not incorporate
some of the primary determinants of isotopic
incorporation such as growth (Vander Zanden et al.
2015). The usefulness of allometric predictions might
be limited when precise values of isotopic incorporation
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are needed, although predictions remain useful to
guide experimental designs of isotopic incorporation
experiments and when relatively coarse estimates
suffice.

CONCLUSIONS

Despite the widespread use of stable isotopes to
reconstruct trophic webs in freshwater environments,
there are very few works tending to estimate the specific
trophic position and the average residence time of
carbon and nitrogen isotopes in different tissues. Our
results confirm traditional trophic discrimination factor
values observed in muscles samples of different taxa,
namely a A®N around 3-3.5%o and A”C around 0-1%o
(Post 2002), but our work also provides evidence that
these traditionally used values may vary in other tissues,
as we found that AN in the hepatopancreas is around
1.7%o.

Finally, we found a higher turnover rate of both
8"C and 8"N in the hepatopancreas than in muscle,
which is consistent with the observation that isotopic
retention times appear to be higher in splanchnic than in
structural tissues (Martinez del Rio et al. 2009).
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