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Abstract

In this study, total ammonia nitrogen (TAN) excretion rates were quantified in juvenile
(mean weight: 1.79 ± 0.17 g) and adult (mean weight: 15.91 ± 0.63 g) prawns (Macro-
brachium caementarius) reared under recirculating aquaculture system (RAS) conditions
representative of small-scale farming operations. Prawns were fed a commercial dry
pelleted diet (48.5% crude protein) at a daily ration equivalent to 5% of total biomass.
Water quality parameters were maintained within species-specific tolerance ranges to en-
sure normal physiological and metabolic function. TAN excretion rates were estimated
using a mass balance approach under closed-flow batch conditions. A significant differ-
ence in TAN excretion was observed between life stages (p = 0.008): juveniles excreted
0.009 ± 0.006 mg TAN g−1 h−1 (0.22 ± 0.18 mg TAN g−1 day−1), whereas adults excreted
0.03 ± 0.01 mg TAN g−1 h−1 (0.73 ± 0.06 mg TAN g−1 day−1). Distinct diel postprandial
patterns were evident in both life stages, with peak TAN release occurring 1–2 h after
each feeding event, followed by a gradual decline. These life-stage differences have direct
implications for RAS design and biofilter management and should be interpreted in the
context of the dietary conditions used. The quantified excretion rates provide baseline
bioengineering parameters for sizing biofilters, estimating nitrogen loading, and optimizing
water quality management for this emerging aquaculture species.

Keywords: ammonia; Macrobrachium caementarius; excretion rates; nitrogen load; biofiltration;
water quality

1. Introduction
Ensuring optimal water quality is essential for the success of any aquaculture farm, as

it profoundly impacts the growth, reproduction, and survival of aquatic organisms [1,2].
In closed systems, the primary water quality variable that limits production is dissolved
oxygen [3,4]. However, once aeration and oxygenation devices effectively meet oxygen
demands, the next significant concern often becomes nitrogenous metabolic byproducts
excreted by aquatic organisms, particularly ammonia [5–7]. Addressing these issues is
significant for enhancing prawn farm productivity and operations.

Ammonia is the main end-product of protein catabolism in crustaceans, and the gill
epithelium generally releases most of the excreted nitrogen, which accounts for 60 to 100%
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of total nitrogenous waste [8]. Ammonia, as nitrogen, can be found in water in two different
forms: ionized NH4

+-N and non-ionized NH3-N. Total ammonia nitrogen (TAN) is the sum
of these two forms [9]. The ratio of these two types of nitrogen forms is mostly determined
by pH and, to a lesser extent, by temperature and salinity [10]. Because NH3-N readily
diffuses through cell membranes and into hemolymph, it is regarded as the more toxic of
the two chemical species of TAN [11]. Ammonia negatively affects aquatic organisms by
disrupting enzyme activity, compromising cell membrane stability and water permeability,
impairing the molting process, hindering oxygen transport, and damaging tissue integrity.
It also suppresses growth and survival, interferes with osmoregulation, induces dysbiosis
of the intestinal microbiota, and impairs immune function—thereby increasing suscepti-
bility to pathogens, triggering apoptosis, and potentially leading to mortality [5,11–18].
Additionally, ammonia induces oxidative stress by elevating intracellular levels of reactive
oxygen species (ROS) [19].

In crustaceans, most of the excreted ammonia is a result of the breakdown of amino
acids from their diet [20]. However, various external and internal factors can influence its
excretion, including temperature, salinity, pH, oxygen concentration levels [21–27], diet
and nutritional status [28–31], molting cycle [32,33], body weight [34,35], daily rhythm [36],
ontogenetic development [37–40], environmental ammonia concentration levels [41,42],
and hormonal influences [43,44].

Among the native species with potential to diversify aquaculture in northern Chile is
the northern river prawn Macrobrachium caementarius, the only representative of the family
Palaemonidae currently recorded in the country [45]. This species, formerly known as
Cryphiops caementarius, has been recently reassigned to the genus Macrobrachium following
updated systematic revisions [46]. It is considered a hydrobiological resource with high
aquaculture potential, as culture technology has been validated, enabling the control of
reproduction in captivity and the year-round production of juveniles [47]. The cultivation of
M. caementarius in Chile therefore represents a promising opportunity for the development
of new aquaculture activities, supported by strong domestic demand, high market value,
and the capacity for continuous juvenile production [48].

Despite the recognized aquaculture potential of M. caementarius, no quantitative
data exist on total ammonia nitrogen (TAN) excretion rates under production-relevant
conditions, representing a critical knowledge gap that prevents the rational design and
sizing of biological filtration units in RAS-based culture systems for this species. Unlike
the well-studied tropical congeners M. rosenbergii and M. amazonicum, which have been
characterized under individual respirometry [23,39], no study has quantified the diel
dynamics of TAN excretion in M. caementarius under group-feeding, farm-like conditions.
This information is essential for determining appropriate biofilter volumes, water flow
rates, and system carrying capacity in intensive culture. Therefore, the aim of this study
was to quantify daily TAN excretion rates and their diel postprandial dynamics in juvenile
and adult M. caementarius reared under recirculating aquaculture system (RAS) conditions
and to provide baseline bioengineering parameters for the design and management of
RAS-based production systems for this species.

2. Materials and Methods
2.1. Experimental Design

The study was conducted in the crustacean culture laboratory of the Universidad
Católica del Norte (UCN), in Coquimbo, Chile (29◦57′ S–71◦21′ W). To determine the
ammonia excretion rate, six rectangular fiberglass tanks with a surface area of 1.46 m2 and
a useful water volume of 0.5 m3 were utilized. These tanks were connected to a rectangular
fiberglass tank of 0.25 m3 containing 2 kg of a moving biofilter bed of KaldnesTM medium
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(AnoxKaldnes, Lund, Sweden). The system was connected to a centrifugal pump (ESPATM,
model Silen 150, 1.0 Hp, ESPA; Girona, Spain) that pumped water to a heat pump (Hot
Water Heat Pumps Ltd., Henderson, Auckland, New Zealand) Performance Plus model
HW-225, 2.0 kW) to maintain a constant temperature of 23 ◦C. The inlet flow rate into
each culture tank was 12 L min−1. Make-up water accounted for approximately 2% of the
total system volume per day. The water was obtained from the municipal supply system
and subjected to 24 h of continuous aeration to ensure complete dechlorination. Aeration
was provided using diffuser stones connected to a 2.5 Hp Sweetwater blower (Sweetwater,
Pentair, Golden Valley, MN, USA). The experiments were conducted between October and
November (spring in the southern hemisphere) in outdoor tanks under natural photoperiod
and rearing conditions similar to those in culture.

2.2. Organisms

Two groups of M. caementarius prawns were used: juveniles with a mean body weight
of 1.79 ± 0.17 g stocked at a density of 46 individuals m−2, and adults with a mean body
weight of 15.91 ± 0.63 g stocked at a density of 19 individuals m−2. These stocking densities
were selected to maintain comparable total biomass loading per tank across both life stages,
following standard culture practices established for M. caementarius at UCN [48,49]. The
higher individual density for juveniles reflects their smaller body size while maintaining a
similar volumetric nitrogen loading per tank, which is the operationally relevant parameter
for water quality management in RAS. Potential behavioral effects of the density differential
on TAN excretion are acknowledged as a limitation of this study (see Section 4.6).

All prawns were obtained from the Crustacean Culture Laboratory of the Universidad
Católica del Norte (UCN) and acclimated to the experimental culture conditions for 15 days
prior to the start of the experiment, a period considered sufficient for metabolic stabilization
following transfer [49]. Prawns were fed daily with a commercial formulated trout diet
at 5% of their total biomass. This feeding rate was selected in accordance with standard
practices established for M. caementarius culture at UCN [48,49] and is consistent with
feeding recommendations used in culture trials for Macrobrachium species [50]. Although
the optimal protein requirement likely differs between life stages—juveniles generally
require higher dietary protein for growth, while adults may direct a greater proportion
of nutrients toward reproductive processes—no species-specific feeding rate data exist
for M. caementarius at either stage. The proximate composition of the diet was 48.5%
crude protein, 18.5% lipids, 1.9% crude fiber, 12% ash, and 10% moisture. The use of a
commercial salmonid diet reflects the current absence of a species-specific formulated feed
for M. caementarius [51].

Exuviae (molted exoskeletons) were monitored and removed daily throughout the
experimental period. No molting events were recorded during any 24 h batch measurement
period, minimizing potential confounding effects of the molting cycle on measured TAN
excretion rates. Individual sex and reproductive status were not determined, as the group-
culture design did not allow for non-disruptive individual identification. Both juvenile
and adult groups were derived from mixed-sex cohorts maintained at the UCN Crustacean
Culture Laboratory. The experiments were conducted during October–November (austral
spring), which corresponds to an active reproductive season for M. caementarius in northern
Chile [47]. Potential effects of sex ratio and reproductive status on the observed excretion
variance are discussed in Section 4.6. Each tank was provided with 12 shelters consisting of
polyvinyl chloride (PVC) tubes measuring 10 cm in length and 32 mm in diameter.
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2.3. Ammonia Excretion Determination

The experimental design consisted of three replicate rearing tanks per life stage
(n = 3 tanks per stage). In each tank, three independent 24 h batch experiments were
conducted sequentially, separated by a minimum of 48 h of standard recirculating op-
eration between trials. During each 24 h batch period, water samples were collected in
triplicate at each 2 h time point from each tank. Accordingly, mean values per time point
per life stage are based on nine independent trial-tank observations (3 tanks × 3 trials).
The tank was used as the statistical experimental unit for all inferential analyses. Experi-
ments were performed for two life stages (juveniles and adults). The ammonia excretion
rate was determined by mass balance analysis under closed-flow (batch-type) conditions,
following Merino et al. [6]. During each batch period, the connection between the culture
tanks and the biofilter chamber was closed using a manual isolation valve, ensuring that
nitrification did not remove TAN from the water during the excretion measurements. Water
was circulated within each culture tank using a submersible pump (Atman AT-105; Qmax:
3000 L h−1, Guangzhou Ample Technology Co., Ltd., Zhongshan, China) to maintain
homogeneous conditions throughout the batch period. In addition, two 300 W heaters
(SeraTM, Heinsberg, Germany) were installed in each rearing tank to maintain a constant
water temperature. Water samples (10 mL) were collected in triplicate from each tank at
0 h and subsequently at 2 h intervals throughout the 24 h batch period. At the end of the
experimental period, the system was returned to standard recirculating conditions.

To account for background TAN contributions from uneaten feed and microbial
activity, blank control tanks (without prawns) were run separately for each life stage:
three juvenile blank tanks received the juvenile daily ration (equivalent feed amount per
tank as the corresponding experimental tanks), and three adult blank tanks received the
adult daily ration. This life-stage-specific blank correction was necessary because feed
amounts differed substantially between treatments. TAN concentrations in blank tanks
were measured at the same time points as experimental tanks. The mean TAN increase
recorded in each set of blank tanks at each time interval was subtracted from the corre-
sponding experimental tank values prior to calculating excretion rates. Blank-derived
TAN contributions represented less than 8% of total TAN measured in the corresponding
experimental tanks, indicating minimal interference from feed-derived nitrogen. TAN
concentrations were quantified colorimetrically using the salicylate method (Hach Method
8155, low-range: 0.01–0.50 mg TAN L−1), employing ammonium salicylate and ammo-
nium cyanurate reagents, following the manufacturer’s protocol for the Hach DR3900
spectrophotometer. Instrument verification was performed using certified reference stan-
dards (Hach AccuVac® ampules, Hach Company; Loveland, CO, USA). All samples were
analyzed in triplicate; samples with a coefficient of variation (CV) exceeding 5% were
re-analyzed. The specific TAN excretion rate (mg TAN g−1 h−1) was calculated using the
following equation:

TAN excretion rate (mg TAN g−1 prawn h−1) =

(
Ct1 − Ct0

t1 − t0
V
)

/B (1)

where Ct1 is the concentration of TAN at time t1; Ct0 is the concentration at time t0; V is
the volume of the tank in liters (L); B is the total prawn biomass.

To quantify the proportion of ingested nitrogen recovered as excreted TAN, the dietary
nitrogen input was calculated for each life stage as:

Feed N input (mg N day−1) =

( f eed amount
(

g day−1
)

× crude protein content (%)

6.25 × 1000

)
(2)
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where feed amount was determined as the product of total tank biomass (g) and the feeding
rate (5% body weight day−1), and 6.25 is the nitrogen-to-protein conversion factor. The
percentage of dietary nitrogen recovered as TAN (TAN recovery, %) was then calculated as:

TAN recovery (%) =

(
daily TAN excreted (mg TAN day−1)

Feed N input (mg N day−1)

)
× 100 (3)

where daily TAN excreted per tank was obtained by multiplying the specific daily excretion
rate (mg TAN g prawn−1 day−1) by the total tank biomass (g).

2.4. Experimental Water Quality Conditions

During the experimental period, dissolved oxygen and temperature were measured
using a multiparameter meter (Hach HQ40d, Hach Company; Loveland, CO, USA), while
pH was determined with a pH meter (Ezodo PP-203, GOnDO Electronic Co., Ltd.; Taipei,
Taiwan). Total alkalinity was measured by titration using the bromophenol blue method
with an HI3811 alkalinity test kit (Hanna Instruments, Inc., Woonsocket, RI, USA). Water
hardness was determined by EDTA titration using the Hach 5B hardness kit. Un-ionized
ammonia (NH3-N, mg N L−1) was calculated from TAN using the corresponding pH
and temperature values, according to the formula proposed by Bower and Bidwell [9].
Nitrate-nitrogen concentrations were measured weekly using Hach Method 8039 (cad-
mium reduction method; range 0–30.0 mg L−1 NO3-N), and nitrite-nitrogen concentrations
were determined using Hach Method 8507 (diazotization method; range 0–0.300 mg L−1

NO2-N) [52]. Total suspended solids (TSS) were quantified following the American Public
Health Association method 2540D [53].

2.5. Statistical Analysis

All data are presented as mean ± standard deviation (SD). Differences between ju-
venile and adult prawns were evaluated using Student’s t-test. Temporal variations in
TAN excretion were analyzed using a repeated-measures ANOVA, with time (h) as the
within-subject factor and tank as the experimental unit. When sphericity was violated,
Greenhouse–Geisser corrections were applied. Post hoc pairwise comparisons were per-
formed using Tukey’s HSD test. Prior to analyses, normality was assessed using Shapiro–
Wilk test and homogeneity of variances using Levene’s test. Statistical significance was set
at p < 0.05 [54]. All analyses were performed using R software version 3.5.3 [55].

3. Results
3.1. Water Quality

In general, the physicochemical parameters of the water in the culture tanks were very
similar across all treatments, indicating no interference with the ammonia excretion data
in the experiment. Water conditions such as temperature, dissolved oxygen, pH, TAN,
and NO2-N were consistent among treatments during the experimental period, with no
significant differences (p > 0.05). However, NH3-N, NO3-N, alkalinity, hardness, and TSS
showed significant variations between treatments (p < 0.05). The average values of the
water quality parameters are presented in Table 1.

The mechanistic basis for these between-treatment differences and their potential
influence on TAN measurements are discussed in Section 4.1.
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Table 1. Water quality parameters of northern freshwater prawn (M. caementarius).

Parameters Juveniles (1.79 ± 0.17 g) Adults (15.91 ± 0.63 g)

Temperature ◦C 22.32 ± 0.22 22.81 ± 0.88
Dissolved oxygen (mg L−1) 7.77 ± 0.44 7.75 ± 0.54

pH 8.37 ± 0.08 8.49 ± 0.02
TAN (mg L−1) 0.04 ± 0.01 0.07 ± 0.01

Un-ionized ammonia (µg L−1) 3.90 ± 0.18 b 8.70 ± 1.21 a

Nitrite (mg L−1) 0.02 ± 0.01 0.03 ± 0.01
Nitrate (mg L−1) 15.41 ± 1.12 b 30.72 ± 1.79 a

Alkalinity (CaCO3 mg L−1) 192 ± 19 a 135 ± 11 b

Hardness (CaCO3 mg L−1) 589 ± 30 a 478 ± 12 b

TSS (mg L−1) 5.12 ± 2.91 b 20.92 ± 4.56 a

The values are shown as means ± standard deviation (SD) (n = 3 replicate tanks). Different superscript letters
within a row indicate significant differences (p < 0.05; Student’s t-test). TSS: total suspended solids.

3.2. Ammonia Excretion Rate

During all experimental periods, no mortality occurred. Feeding activity was visually
confirmed at each feeding event, with all animals observed actively foraging within 15 min
of feed addition. No abnormal behavioral signs (surfacing, aggregation at water inlets, or
erratic swimming) were recorded during any batch period. Exuviae monitoring confirmed
that no molting events occurred during the 24 h batch measurement windows. Significant
differences in TAN excretion were observed between juvenile and adult life stages (p = 0.008).
Juveniles exhibited lower TAN excretion than adults. The cumulative daily excretion rate
was 0.22 ± 0.18 mg TAN g−1 day−1 for juveniles and 0.73 ± 0.06 mg TAN g−1 day−1 for
adults. The corresponding mean hourly excretion rates were 0.009 ± 0.006 mg TAN g−1 h−1

for juveniles and 0.03 ± 0.01 mg TAN g−1 h−1 for adults (Table 2).

Table 2. Dietary nitrogen input, TAN excretion, and nitrogen recovery efficiency in juvenile and adult
M. caementarius reared under RAS conditions.

Parameters Juveniles
(1.79 ± 0.17 g)

Adults
(15.91 ± 0.63 g)

Dietary N input (mg N g prawn−1 day−1) 1 3.88 3.88
Daily feed intake (g tank−1 day−1) 6.0 ± 0.57 22.25 ± 0.88

Cumulative daily TAN excretion (mg TAN g
prawn−1 day−1) 0.22 ± 0.18 b 0.73 ± 0.06 a

Mean hourly TAN excretion rate (mg TAN g
prawn−1 h−1) 0.009 ± 0.006 b 0.030 ± 0.010 a

TAN recovery (% of dietary N) 2 5.7 ± 4.6 b 18.8 ± 1.5 a

TAN excreted (mg N tank−1 day−1) 26.4 ± 21.76 b 324.9 ± 29.68 a

Values are mean ± SD. Different superscript letters indicate significant differences between life stages (p < 0.05).
1 Feed N input (mg N g prawn−1 day−1) = feeding rate (50 mg feed g prawn−1 day−1) × crude protein
(48.5%)/6.25. 2 TAN recovery (%) = (daily TAN excreted/dietary N input) × 100. TAN: total ammonia ni-
trogen; SD: standard deviation; RAS: recirculating aquaculture system.

A clear diel postprandial pattern in TAN excretion was observed for both life stages
(Figure 1). Peak excretion occurred for juveniles between 7:00 and 9:00 h and again at
17:00 h, and for adults between 9:00 and 13:00 h and at 17:00 h, generally 1–2 h following
each feeding event.

The dietary nitrogen input was 3.88 mg N g prawn−1 day−1 for both life stages, based
on a feeding rate of 5% body weight day−1 and a diet containing 48.5% crude protein. The
percentage of dietary nitrogen recovered as TAN differed significantly between life stages
(p < 0.05): juveniles recovered 5.7 ± 4.6% of dietary N as TAN, while adults recovered
18.8 ± 1.5% (Table 2). These values indicate that adults catabolized a substantially greater
proportion of dietary protein compared to juveniles, consistent with the higher absolute
TAN excretion rates observed in the adult group. The complete nitrogen budget, including
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feed N input, TAN excreted, and TAN recovery efficiency for each life stage, is summarized
in Table 2.

Figure 1. Diel postprandial pattern of Total Ammonia Nitrogen (TAN) excretion rate (mg TAN g−1 h−1)
in M. caementarius reared under RAS conditions. (a) Juveniles (mean weight 1.79 ± 0.17 g); (b) Adults
(mean weight 15.91 ± 0.63 g). Values are mean ± SD (n = 9; 3 tanks × 3 trials). Vertical arrows
indicate feeding times. * p < 0.05 (Tukey’s HSD).

For RAS bioengineering applications, we recommend using the upper 95% confidence
bound of the juvenile daily excretion rate as a conservative design parameter for biofilter
sizing, rather than the mean alone. This value is calculated as: mean + 1.96 × SD = 0.22 +
(1.96 × 0.18) = 0.57 mg TAN g−1 day−1, and is hereafter referred to as the conservative
upper-bound rate for juvenile M. caementarius.

4. Discussion
4.1. Water Quality Suitability and Absence of Ammonia Toxicity

The water quality parameters remained stable and within optimal values for the devel-
opment of M. caementarius under culture conditions [49,51,56,57]. Dissolved oxygen remained
above 5 mg L−1, which is recommended for freshwater prawn culture and necessary for
nitrifying bacteria [50,58]. pH ranged between 8.37 and 8.49, within the suitable range of
7.0–9.0 for nitrifying bacteria, and did not fall below 7.0 or exceed 8.8, avoiding negative
effects on zootechnical performance and water quality [59–61]. Alkalinity remained above
100 mg CaCO3 L−1, within the recommended range of 100–150 mg CaCO3 L−1 for stable ni-
trification [62,63]. Water hardness did not exceed 1000 mg CaCO3 L−1, a threshold associated
with reduced performance in M. rosenbergii [64]; values above 500 mg CaCO3 L−1 have been
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reported in natural habitats of M. caementarius [65]. Nevertheless, optimal alkalinity and hard-
ness ranges for M. caementarius remain poorly defined, and specific recommendations for this
species are still lacking [51]. Nitrogenous compounds can negatively affect the growth and
survival of decapod crustaceans [66,67]. In this study, ammonia, nitrite, and nitrate concentra-
tions remained within safe ranges reported for decapod crustaceans [68–70]. Nitrite–nitrogen
levels were below 0.5 mg L−1, considered safe [71–73], although metabolic effects have been
reported at 2 mg L−1 in M. nipponense [74]. Nitrate–nitrogen concentrations remained well
below 80 mg NO3-N L−1 in both treatments (Table 1), within the safe range of 80–145 mg
NO3-N L−1 reported for decapod crustaceans [75–77]. TAN concentrations in the culture
tanks remained low throughout the experimental period (juveniles: 0.04 ± 0.01 mg TAN L−1;
adults: 0.07 ± 0.01 mg TAN L−1), with corresponding un-ionized ammonia (NH3-N) values
of 3.90 ± 0.18 µg L−1 and 8.70 ± 1.21 µg L−1, respectively (Table 1). These concentrations are
well below the safe thresholds reported for Macrobrachium species: 75 µg NH3-N L−1 for
juvenile M. amazonicum and 108 µg NH3-N L−1 for adults [78], and 300 µg NH3-N L−1 for
both juvenile and adult M. acanthurus [79]. In M. rosenbergii, TAN concentrations as low as
0.5 mg L−1 have been reported to reduce feed intake and impair growth [80], a threshold also
not approached in the present study. Although toxic thresholds for NH3-N vary among deca-
pod species, it is generally recommended to maintain concentrations below 1.5 mg NH3 L−1

to avoid adverse effects [81–83]. The NH3-N values recorded in this study confirm that no
ammonia toxicity occurred during the experimental period and that the measured TAN
excretion rates reflect normal physiological conditions.

The between-treatment differences observed in Table 1 for NH3-N, NO3-N, alkalinity,
hardness, and TSS are mechanistically coherent consequences of the higher TAN excretion
and feed intake in adult tanks, rather than independent confounding variables. The higher
NO3-N in adult tanks (30.72 ± 1.79 vs. 15.41 ± 1.12 mg L−1) is a direct result of greater
TAN input to the biofilter, producing proportionally greater nitrification activity and nitrate
accumulation over time. The lower alkalinity in adult tanks (135 ± 11 vs. 192 ± 19 mg
CaCO3 L−1) reflects greater carbonate consumption during nitrification, which consumes
approximately 7.1 g CaCO3 per gram of TAN oxidized [62]. The higher NH3-N in adult
tanks (8.70 ± 1.21 vs. 3.90 ± 0.18 µg L−1) is a joint consequence of higher TAN concentra-
tions and slightly higher pH (8.49 vs. 8.37); both values remain well below thresholds at
which physiological effects have been reported for congeners [78,79], and are therefore
unlikely to have affected the measured TAN excretion rates or animal physiology. The
higher TSS in adult tanks (20.92 ± 4.56 vs. 5.12 ± 2.91 mg L−1) reflects greater fecal and
exoskeletal material production at larger body size and higher feed intake. Although blank
corrections with life-stage-specific rations were applied (Section 2.3), we acknowledge
that particle-associated nitrogen could contribute a small additional TAN fraction; how-
ever, given that water samples were collected as clear supernatant and the Hach salicylate
method measures dissolved TAN only, this contribution is expected to be negligible. The
differences in hardness (589 ± 30 vs. 478 ± 12 mg CaCO3 L−1) likely reflect natural variabil-
ity of the source water supply across sampling periods; both values fall within the range
reported for natural habitats of M. caementarius [65] and are not expected to influence TAN
excretion physiology.

4.2. Diel Postprandial TAN Dynamics and Comparison with Other Crustaceans

Our results indicate that M. caementarius exhibits an increase in TAN excretion fol-
lowing food ingestion. This postprandial response has been widely reported in several
decapod crustaceans, including freshwater prawns and penaeid species such as Litopenaeus
stylirostris, L. vannamei, M. rosenbergii, Marsupenaeus japonicus, Penaeus esculentus, P. setiferus,
and P. paulensis. Similar patterns have also been documented in crabs, such as Carcinus
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maenas, as well as in spiny lobsters, including Jasus lalandii, Panulirus homarus rubellus, and
Sagmariasus verreauxi [28,41,42,84–92]. A comparable postprandial increase in ammonia
excretion has also been observed in several fish species following feeding [6,7,93,94]. This
physiological response is primarily driven by protein-rich diets, which result in elevated
nitrogen loads in metabolic waste [95]. Moreover, a direct relationship has been consistently
reported between dietary protein intake, feeding rate, and ammonia excretion [96–98]. Post-
prandial responses can lead to higher peaks and/or longer periods of ammonia production,
depending on the protein nitrogen intake and metabolic pathways used [99,100]. In our
study, an increase in TAN excretion was observed 2 h after food consumption in both
juveniles and adults. This behavior has also been observed in other crustaceans, where a
peak occurs between 1 and 3 h after feeding, followed by a gradual decline in ammonia
excretion [101]. In fish, the postprandial response is typically delayed, occurring 4–8 h
after feeding in eels [102,103], 4–6 h in sea bass [104], and up to 8 h in turbot, trout, and
carp [94,105,106]. The response in crustaceans is shorter than in fish, primarily due to their
relatively higher digestive efficiency [107]. The ammonia excretion response in marine and
freshwater crustaceans is not constant and shows a diel pattern, increasing with feeding
and decreasing over time [8].

4.3. Comparison with Published Excretion Rates Across Species

Our data obtained under farm-like conditions differ from those described for crus-
taceans tested in closed respirometers. Most metabolic studies are conducted in closed
systems with fasted individual organisms, and the resulting data may differ from actual
farm-like conditions due to factors such as handling stress, social interactions, feeding
schedule, and water quality management [39,108]. Furthermore, it has been reported that
metabolic rate and the weight ratio can be altered in response to diet [109]. An important
aspect to consider is dietary protein supply. If the amount of protein ingested exceeds the
body’s requirements, or if the amino acids are poorly balanced, deamination increases,
leading to greater ammonia excretion [110,111]. Additionally, insufficient energy from
lipids and carbohydrates can hinder metabolic processes [40]. M. caementarius juveniles and
adults were fed the same diet with 48.5% crude protein. The protein requirement for adults
may be lower than for juveniles, as decapod crustaceans generally have higher protein
requirements during early growth stages compared to later ontogenetic phases [112]. In
juveniles, lower protein catabolism leads to greater nitrogen accumulation, indicating that
dietary protein is primarily utilized for growth rather than as an energy source [89,113].
At present, no species-specific commercial diets are formulated for M. caementarius; con-
sequently, feeds developed for salmonids during their freshwater phase are commonly
used [51]. Comparisons with other studies are challenging due to the wide range of water
temperatures, dietary compositions, and measurement protocols employed, and partic-
ularly due to the scarcity of daily ammonia excretion data for freshwater prawns under
culture conditions. TAN excretion rates of M. caementarius in the present study tend to fall
within relatively low ranges compared to other species. It has been reported that endoge-
nous nitrogen excretion in marine species is generally lower than in freshwater species of
comparable body weight [114], possibly because tissue protein hydrolysis proceeds at a
faster rate in freshwater environments to maintain internal homeostasis, suggesting that
higher dietary protein inputs may be required for freshwater prawns [115]. In a study on
juvenile M. caementarius (0.038–0.146 g) fed fresh fish, ammonia excretion was extremely
low and could not be reliably quantified [116]. In contrast, studies on penaeid species
have shown that the proportion of ammonia excreted relative to food intake typically
ranges from 0.1 to 4.0%, depending on species, diet composition, and experimental condi-
tions [31,117–120]. Nitrogenous waste excretion rates are frequently neglected in energy
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balance calculations, despite their relevance for accurately assessing the energetic costs
associated with digestion and nutrient utilization [121].

Critically, because both life stages were fed the same diet at the same ration rate,
the observed difference in TAN excretion between juveniles and adults integrates both
life-stage physiological differences and potential differences in protein utilization efficiency.
Juveniles likely have a higher protein requirement for somatic growth relative to their body
mass, meaning the 48.5% crude protein diet may be closer to their physiological optimum.
Adults, whose protein requirements for growth are lower but whose reproductive protein
catabolism is higher, may receive excess dietary protein that is subsequently deaminated
and excreted as TAN rather than retained. Isolating the physiological component from the
dietary component of the life-stage difference in TAN excretion would require testing each
life stage at its optimal dietary protein level—a critical direction for future research.

4.4. Bioengineering Implications for RAS Design and Biofilter Sizing

Ammonia excretion rates can serve as indicators of the efficiency of dietary protein
utilization by aquatic organisms [27,101]. The selection of dietary protein levels should
therefore be carefully optimized considering not only growth performance and feed con-
version efficiency, but also the release of nitrogenous compounds into the culture water
and the associated oxygen consumption of the cultured animals [31]. The TAN excretion
rates obtained in this study provide direct input parameters for the design and opera-
tional management of biological filtration units in M. caementarius RAS. As a practical
example, consider a production unit stocked with 100 kg of adult M. caementarius. Using
the measured daily excretion rate (0.73 mg TAN g−1 day−1), the expected daily TAN pro-
duction would be 73 g TAN day−1. Assuming a KaldnesTM moving bed biofilm reactor
(MBBR) with a surface-area-specific nitrification rate of 0.6 g TAN m−2 day−1 [122], the
required protected specific surface area would be approximately 122 m2, corresponding to
approximately 0.24 m3 of KaldnesTM medium (specific surface area: 500 m2 m−3). For juve-
nile M. caementarius, using the conservative upper-bound rate of 0.57 mg TAN g−1 day−1

(see Section 3.2), the required media volume is approximately 0.19 m3 per 100 kg biomass.
These estimates should be validated in pilot-scale systems and adjusted with appropriate
safety factors (typically 1.5–2.0×) to account for peak excretion events and seasonal tem-
perature variation [123]. In decapod crustaceans, the primary metabolic energy substrate
can be species-specific and may vary within a species depending on ontogenetic stage
and the quantity and quality of dietary protein supplied [40]. Oxygen consumption may
vary according to diet composition and metabolic demand, thereby directly influencing
the carrying capacity of the production system [31]. Another key metabolic parameter that
warrants further investigation in M. caementarius is oxygen consumption, as it provides
insight into metabolic changes across developmental stages and allows determination of
species-specific oxygen requirements—information essential for the bioengineering design,
optimization, and management of aquaculture production systems [124].

4.5. Life-Stage Differences: Departures from Allometric Expectation

In terms of body mass, it has been reported that size significantly influences the metabolic
processes of organisms [38,125,126]. In crustaceans, the relationship between body weight and
ammonia excretion generally decreases with increasing body mass [41–43,125–129]. Experi-
ments conducted on penaeid species have shown that smaller organisms excrete greater
amounts of ammonia per unit body weight than larger ones [128]. This same pattern
has been observed in fish, where ammonia excretion rates decrease with increasing body
weight [6,94,108,130], illustrating a universal principle that the metabolic rate per unit
weight generally decreases as body size increases [131]. The observed pattern in the

https://doi.org/10.3390/aquacj6030023

https://doi.org/10.3390/aquacj6030023


Aquac. J. 2026, 6, 23 11 of 18

present study—in which adults showed higher weight-specific TAN excretion than juve-
niles (0.73 vs. 0.22 mg TAN g−1 day−1)—is apparently at odds with this general allometric
expectation. However, this relationship is typically established under fasting or routine
metabolic conditions. Under active feeding at a uniform ration rate (5% body weight day−1)
with a high-protein diet (48.5% crude protein), the allometric scaling of mass-specific excre-
tion can be overridden by the relative dietary protein-N load. Furthermore, adult animals
may exhibit higher catabolism of proteins and amino acids, using them as an energy source
while utilizing dietary lipids as reserves for the maturation process [123,132]. Supporting
this interpretation, the calculation of feed nitrogen input and TAN recovery efficiency
(Table 2) showed that juveniles excreted only 5.7 ± 4.7% of the ingested nitrogen as TAN,
whereas adults excreted 18.8 ± 1.9%. The low recovery in juveniles indicates that most
dietary nitrogen is retained for somatic growth, a typical pattern for early life stages. In
contrast, the nearly fourfold higher nitrogen recovery observed in adults reflects increased
amino acid catabolism; this response is likely driven by the elevated dietary protein level
(48.5% crude protein), which exceeds the nutritional requirements of adults, and by the
increased metabolic demands associated with reproductive maturation [133]. These values
are within the range reported for other decapod crustaceans (0.1–4.0% under various di-
etary conditions [31,117–120]), although direct comparisons are limited by differences in
diet composition, feeding rate, and experimental protocols. Lipids serve as an important
energy storage source during the reproductive phase and are a significant component
of M. caementarius eggs, suggesting high lipid requirements, particularly in reproductive
females during the mating season [133]. This life-stage departure from allometric expecta-
tion has direct implications for RAS management: as M. caementarius transitions from the
juvenile to the adult stage, TAN excretion per unit biomass increases, requiring progressive
adjustment of biofilter capacity throughout the production cycle.

The density differential between life stages (46 ind m−2 for juveniles vs. 19 ind m−2

for adults) represents a potential confounding factor that deserves explicit consideration.
M. caementarius is a territorial species in which agonistic interactions increase with density,
potentially elevating basal metabolic rate through activity-related energy expenditure [49].
Higher individual density in juvenile tanks could, therefore, have contributed to elevated
metabolic activity and, consequently, higher ammonia excretion per unit body mass, par-
tially counteracting the allometric expectation that smaller individuals excrete less per gram.
However, the observed pattern was the opposite: juveniles showed lower weight-specific
TAN excretion than adults despite being held at higher density. This suggests that any
density-related metabolic elevation in juveniles was insufficient to override the differences
in dietary protein catabolism between life stages. Nevertheless, we acknowledge that
isolating the effect of stocking density from that of life stage would require a crossed
experimental design in which each life stage is tested at multiple densities—an important
direction for future research. Until such data are available, the excretion rates reported
here should be interpreted as integrating both life-stage physiology and the specific density
conditions used in this study.

4.6. Study Limitations and Future Research Directions

The present study was conducted at a single temperature (23 ◦C), a single feeding
rate (5% body weight day−1), and using a single commercial salmonid diet (48.5% crude
protein), which constrains the direct extrapolation of the reported TAN excretion rates
to broader production scenarios. Temperature is a primary driver of metabolic rate and
ammonia excretion in ectotherms; correction factors will therefore be required when ap-
plying these values to M. caementarius culture operations at temperatures outside this
range, particularly given the thermal variability of northern Chilean aquaculture facilities
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(18–26 ◦C across seasons). Similarly, dietary protein content directly influences the magni-
tude of postprandial TAN excretion; the values reported here may change substantially if
species-specific optimized diets become available for M. caementarius. The study compared
only two life stages, which does not allow for the establishment of a continuous allometric
relationship between body mass and TAN excretion. Future studies should characterize
TAN excretion across multiple intermediate body-mass classes to derive the allometric
scaling exponent (b), a standard bioengineering parameter that enables dynamic nitrogen
loading predictions as animals grow throughout the production cycle. Additional priori-
ties include (i) characterization across the full thermal range relevant to northern Chilean
aquaculture; (ii) evaluation of species-specific diets once available; and (iii) simultaneous
measurement of oxygen consumption to determine the O:N ratio and metabolic substrate
use across ontogenetic stages. The values reported in this study should be interpreted
as baseline bioengineering estimates representative of the specific conditions tested and
validated in pilot-scale production systems before use as definitive engineering constants.

5. Conclusions
This study provides the first quantitative data on daily total ammonia nitrogen (TAN)

excretion rates in juvenile and adult M. caementarius reared under intensive, farm-like
recirculating aquaculture system (RAS) conditions. Cumulative daily TAN excretion was
0.22 ± 0.18 mg TAN g−1 day−1 for juveniles and 0.73 ± 0.06 mg TAN g−1 day−1 for adults,
with corresponding mean hourly rates of 0.009 ± 0.006 and 0.03 ± 0.01 mg TAN g−1 h−1,
respectively. A significant difference was observed between life stages (p < 0.05), with adults
exhibiting higher weight-specific TAN excretion than juveniles—a pattern that departs from
the general allometric expectation and is discussed in relation to reproductive metabolism
and dietary protein load. M. caementarius exhibited a clear diel postprandial pattern in
TAN excretion, with peak rates occurring 1–2 h following each feeding event. It should be
noted that these excretion values are specifically tied to the dietary condition used (com-
mercial salmonid diet, 48.5% crude protein; 5% body weight day−1 ration) and may shift
considerably when species-specific optimized diets become available for M. caementarius.

These baseline bioengineering parameters are directly applicable to the design and
sizing of biofiltration units and for estimating nitrogen loading in RAS for M. caementarius.
The results should be interpreted within the context of the study conditions (temperature:
23 ◦C; commercial salmonid diet: 48.5% crude protein; two life stages only) and validated
in pilot-scale production systems before use as definitive engineering constants. Future
research should characterize TAN excretion across the full thermal range relevant to north-
ern Chilean aquaculture, additional life stages, and species-specific diets to expand the
applicability of these baseline parameters.
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