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Abstract

This study quantified nitrogen (N) and phosphorus (P) budgets in tambaqui (Colossoma
macropomum) cultured for 10 months in fertilized and unfertilized ponds in a tropical region.
Juveniles (94 4 15 g) were stocked at 0.55 fish m~2 in 600-m? ponds, with four replicates
per treatment. Inputs consisted of water, feed, fish, and fertilizer, whereas outputs included
harvested fish, sediment, and outlet water. Feed and inlet water were the primary sources
of nutrients in the pond systems, while outlet water and fish biomass represented the
major nutrient outputs. Total N input was higher in fertilized ponds, whereas total P input
was similar between treatments. Feed contributed a larger proportion of total N and P in
unfertilized ponds than in fertilized ponds. In fertilized ponds, fertilizer accounted for
19% of total N and 6% of total P. Total N and P outputs did not differ between treatments,
although N output showed high variability due to sediment accumulation. Fish recovered
15-20% of N and 22% of P inputs. Greater N use efficiency was observed in unfertilized
ponds. Overall, fertilization did not improve nutrient recovery or total nutrient output but
reduced feed inputs, suggesting that fertilizer, particularly nitrogen, should be carefully
evaluated regarding its environmental and economic relevance in tambaqui pond culture.

Keywords: mass balance; nitrogen budget; nutrient load; phosphorus budget; sustainability

Key Contribution: Fertilization increased nitrogen inputs and reduced feed use but did
not enhance nutrient recovery or total nutrient output.

1. Introduction

Aquaculture production systems have evolved from extensive to intensive approaches,
with increasing inputs of high-quality feed and water [1]. Consequently, waste loads have
risen proportionally. In general, only a small fraction of the nutrients supplied through feed in
aquaculture systems is assimilated by fish, whereas the unutilized nutrients are either retained
in pond sediments or released in effluents [2-7]. Nitrogen and phosphorus represent the main
nutrient wastes of fish farming and can cause serious environmental impacts [8]. Thus, a key
challenge for sustainable aquaculture is to maximize fish yields with minimal input while
increasing the recovery of nutrients supplied through feed and fertilizers.

Nutrient addition is commonly practiced to increase fish yields in pond systems. In
extensive systems without feed supplementation, fertilization promotes natural produc-
tivity and increases the availability of live food, benefiting species such as Nile tilapia
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(Oreochromis niloticus), sunfish (Lepomis microlophus), and carp (Cirrhinus mrigala), leading
to higher yields [9-12]. Currently, aquaculture increasingly relies on formulated diets,
which have become the primary nutrient source and the main contributors to feed-based
cultures to nutrient-rich effluents [2-5,13-15]. In semi-intensive and intensive systems
where formulated feed is supplied, the fertilization effects are less consistent. Studies with
tambaqui (Colossoma macropomum) and Nile tilapia have shown no improvement in growth
performance when fertilization is combined with commercial feed, likely because of limited
changes in plankton communities and the predominance of nutrients originating from
feed rather than fertilizers [16-18]. Since uneaten feed and fish waste are already major
contributors to nutrient loading and eutrophic effluents [2-5,10-12], determining whether
fertilizer inputs truly enhance nutrient use efficiency is essential. Clarifying the real benefits
of fertilization in feed-based culture systems is therefore critical to avoid unnecessary
nutrient use and discharge into the environment. Understanding and managing nutrient
flows among pond ecological compartments is essential for optimizing nutrient utilization
and preventing the loss of added nutrients [5].

Fertilization contributes only a small fraction of nutrients in shrimp and prawn feed-
based culture. For instance, fertilization accounted for 2% of nitrogen and less than 1% of
phosphorus in Penaeus monodon closed culture [15], 2.5% of nitrogen and 1% of phosphorus
in Macrobrachium rosenbergii [7], and 4% of nitrogen and 1.21% of phosphorus in shrimp
ponds in M. rosenbergii shrimp ponds [14]. In contrast, its contribution to fish monocul-
ture can be higher. For example, in Osphronemus goramy pond monoculture, fertilization
accounted for 34.4% of nitrogen and 38.8% of phosphorus inputs [19]. In multitrophic pro-
duction systems, the contribution of fertilizers is similar to that observed in shrimp culture.
For instance, in tilapia (Oreochromis niloticus) and Amazon River prawn (Macrobrachium
amazonicum) multitrophic culture, fertilizers accounted for 0.4% of nitrogen and 5.7% of
phosphorus input [4,5], and in Indian major carps (Catla catla, Labeo rohita, and Cirrhinus
mrigala) and giant river prawn (Macrobrachium rosenbergii) multitrophic culture, fertilizers
accounted for 1.23% of nitrogen and 1.84% of phosphorus inputs [13]. However, no sci-
entific information is available on the effects of fertilization on nitrogen and phosphorus
inputs, nutrient recovery in harvested biomass, and nutrient release in effluents in fish
feed-based monoculture.

Aquaculture production in Brazil reached about 970,000 t in 2024, with tambaqui (Colos-
soma macropomum) currently being the main native species used for fish farming [20,21].
This species is native to many South American countries and is also farmed in Colombia,
Peru, Venezuela, as well as in Panama and Honduras in Central America and even in Asian
countries [22]. Tambaqui is a low-trophic species that adapts easily to captivity, exhibits a
low feed conversion ratio (approximately 1.7), grows rapidly, and has well-established seed
production technology [17,23]. In Brazil, tambaqui is produced in earthen ponds on small,
medium, and large farms, with low water renewal and the use of commercial diets [21,24].
The main production systems involve either the direct stocking of juveniles for 12 months
or a 3-month nursery phase followed by a 10-month grow-out period [21]. Ponds are
generally fertilized to enhance plankton development, as tambaqui can utilize natural
foods, mainly zooplankton, throughout its life cycle [24,25]. Since feed represents the
major cost in fishpond production and is the primary contributor to eutrophic effluents [1],
reducing feed use could both lower production costs and mitigate negative environmental
impacts. Lima et al. [25] observed a reduction in the feed conversion ratio when tambaqui
was produced in fertilized ponds. However, this practice increases production costs by
about 8%. Despite these findings, the pathway of nutrients added through fertilization
across different ecological compartments remains poorly understood.
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Two studies have assessed nutrient budgets in tambaqui production in a subtropical
region during the initial six months of culture, using ponds filled with nutrient-rich water
but lacking fertilization management [2,3]. However, most of the dietary input in ponds
occurs during the final months of the production cycle [26]. Moreover, nutrient dynamics
in tropical pond systems may differ from those in subtropical regions, but this has not yet
been investigated. Therefore, the main objective of this study was to evaluate the effects
of fertilization on nitrogen and phosphorus recovery in harvested biomass and on their
release to the environment through effluents in the monoculture of tambaqui in tropical
earthen ponds. Nitrogen and phosphorus budgets were assessed throughout the entire
grow-out of tambaqui in both fertilized and unfertilized ponds.

2. Materials and Methods

The study was conducted in eight earthen ponds, each roughly 600 m? in area and
1.3 m deep, located at the Experimental Aquaculture Center, Embrapa, Brazil (10°8'1.33" S,
48°19'9.86" W). The experimental design was completely randomized, with four replicates
per treatment. The factor tested was fertilization, with two levels: fertilized ponds (Fert)
and unfertilized ponds (NoFert). All ponds were drained, disinfected with quicklime
(100 g m~2) and limed 24 h later (100 g m~2). Initial and biweekly fertilizations were
applied only in Fert ponds. The type and dose of fertilizer applied were those commonly
adopted by tambaqui commercial producers. The Fert treatment included the addition
of 5 g m~2 of urea, 3 g m~2 of triple superphosphate, and 10 g m~2 of rice bran before
the experiment began, and biweekly thereafter until the eighth month. This management
resulted in an input of 2.45 g m~2 of nitrogen (N) and 0.8 g m~2 of phosphorus (P),
corresponding to an N:P mass ratio of 3:1 applied every two weeks. The inlet water
was sourced from a local dam. The average concentrations of total nitrogen and total
phosphorus in inlet water were 5.8 mg L~! and 0.43 mg L1, respectively. Ponds received
water to compensate for seepage and evaporation, as well as to provide a daily water
renewal of about 3% of their total volume. After ponds were filled, tambaqui juveniles with
an average body weight of 93.8 + 15.0 g and total length of 17.6 &= 0.8 cm were stocked at
a density of 0.55 fish m~2 (330 fish per pond). The fish were obtained from a commercial
farm located in the state of Tocantins, Brazil (11°01'55” S, 48°35'14” W). The experiment
lasted 10 months (304 days), from March 2019 to January 2020.

Fish were fed a commercial extruded diet for omnivorous species (Laguna Omnivo-
rous, Socil, Descalvado, Sao Paulo, Brazil) twice daily, at 09:00 and 15:00 h, six days a week,
as described in Table 1. Feeding continued until the fish stopped eating or until the daily
ration specified in Table 1, based on the feeding rate, was reached. The actual amount of
feed distributed was recorded to calculate the total feed input to each pond. Every two
weeks, 30 fish were randomly sampled from each pond and weighed to adjust the feeding
rate. After weighing, the fish were returned to their respective ponds.

Table 1. Feed management for tambaqui Colossoma macropomum during a 10-month pond grow-out.
The feed rate was used to calculate the maximum daily quantity of diet supplied. Adapted from
Oliveira et al. [27].

Fish Weight (g) Crude Protein Pellet Size Feed Rate Number of Daily
(%) (mm) (% Body Weight Day—1) Meals
60-200 32 4 4.5 2
200-500 32 6 3.5 2
500-700 32 6 2.5 2
700- 28 10 2.5 2
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2.1. Pond Water Quality

Total nitrogen, total phosphorus, and chlorophyll-a in the culture water were mea-
sured monthly. Total nitrogen was determined using the distillation/titration method
APHA [28], while total phosphorus and chlorophyll-a concentrations were quantified by
spectrophotometry (APHA [28]). Total nitrogen showed no differences between treatments,
whereas phosphorus and chlorophyll-a concentrations were higher in Fert ponds (Table 2).
A detailed description of water quality variables in these experimental systems is provided
in Lima et al. [29]. Overall, the main pond water quality variables monitored during the
experiment remained within the recommendations described by Boyd [30] for general
freshwater aquaculture pond systems.

Table 2. Total nitrogen, phosphorus, and chlorophyll-a in tambaqui (Colossoma macropomum) cultured
in fertilized (Fert) and unfertilized (NoFert) ponds over a 10-month grow-out period. Different letters
in the same row indicate significant differences (p < 0.05). Treat = treatment.

Water Parameters Fert NoFert p-Values
Treat Time Treat x Time
Total Nitrogen (mg L1 5.72 £2.99 5.83 +£3.32 0.9481 <0.0001 0.0241
Total Phosphorus (ug L™1) 390 42302 330 £220P 0.0424 0.0001 0.7673
Chlorophyll-a (ug L1 17.06 +£ 16.48 2 10.71 £ 8.29b 0.0023 0.0001 0.0396
2.2. Harvest

At the end of the experiment, the ponds were drained, and all fish were counted.
Twenty individuals from each pond were randomly sampled and weighed to estimate
survival, mean individual mass, and yield. No significant differences in final mean in-
dividual mass, survival, or yield were observed between treatments (p > 0.05). Overall,
tambaqui reached a final mean mass of approximately 1663 £ 81 g, with 93 & 4% survival
and a yield of 6.18 + 0.25 t ha~! over a 10-month period. The feed conversion ratio (total
feed supplied/total weight gain) was significantly lower in fertilized ponds (2.04 & 0.04)
compared to NoFert ponds (2.22 £ 0.08). A detailed description of production performance
in these systems can be found in Lima et al. [25], which provides a full description of
production performance for this experiment.

2.3. Nitrogen and Phosphorus Budget

We analyzed the key ecological compartments associated with the inputs and outputs
of nitrogen (N) and phosphorus (P). The unaccounted portion (UN) was estimated as the
difference between the total input of nitrogen (TNin) and phosphorus (TPin) and their
respective total outputs (TNout and TPout). The equations applied were:

TNin or TPin = IWP + IRW + CD + SF + IF, (1)
TNout or TPout = OWP + ORW + HF 4+ OS, (2)
(TNin or TPin) — (TNout or TPout) = UN (3)

in these equations, IWP (inlet water for pond filling), IRW (inlet renovation water), CD
(commercial diet), SF (stocked fish), and IF (input fertilizer) represent the nitrogen or
phosphorus contents of the input compartments, while OWP (outlet water from pond
drainage), ORW (outlet renovation water), HF (harvested fish), and OS (sediment output)
represent the nitrogen or phosphorus contents of the output compartments.

Mortality was not included among the outputs due to the small number of dead
fish removed during production (17 £ 10 fish per pond). The nitrogen and phosphorus
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use efficiency of the commercial diet (feed nitrogen conversion—FNC and feed phos-
phorus conversion—FPC) was calculated as the ratio of total nitrogen or phosphorus in
harvested biomass to the nitrogen and phosphorus supplied through feed. The overall
efficiency of nitrogen and phosphorus use (nitrogen use efficiency—NUE; phosphorus
use efficiency—PUE) was calculated as the ratio of nitrogen and phosphorus in harvested
biomass to the total nitrogen or phosphorus inputs.

Nitrogen and phosphorus inputs from inlet water and outputs through outlet water
were calculated by multiplying total nitrogen or phosphorus concentrations by the corre-
sponding inlet and outlet water volumes. Nutrient concentrations in the inlet water were
measured once per month, including the sampling performed at pond filling. Concen-
trations in the outlet water were also measured monthly and once more at harvest. All
analyses followed the procedures described in the pond water quality section (distilla-
tion/titration for total nitrogen; spectrophotometry for total phosphorus). Total nitrogen
values included all forms of bound nitrogen (inorganic + organic) but excluded molecular
nitrogen (N). The inlet water volume was defined as the total amount of water used to fill
the ponds, water added to compensate for evaporation and seepage, renovation water, and
rainwater inputs. Evaporation was estimated based on meteorological data (INMET [31])
combined with pond surface area. Total daily water loss was determined by measuring
changes in pond water level over 24 h without adding water. Seepage was estimated as
the difference between total water loss and evaporation. Rainfall at the experimental site
was recorded with a pluviometer and used to estimate pond rainwater inputs. Effluent
volume was calculated as the difference between total inlet water volume and the volume
lost through seepage and evaporation.

Nitrogen and phosphorus inputs from the commercial diet, fertilizers (triple super-
phosphate and rice bran), and stocked fish were calculated by multiplying the mean nitro-
gen (AOAC [32]; Nx6.25; method 988.05) and phosphorus (AOAC [32]; method MA-107 R3)
concentrations in diet, fertilizers, and fish samples by the total amount of diet and fertilizer
applied or the biomass of fish stocked, respectively. The same procedures were used to
determine nitrogen and phosphorus output in harvested fish. Nitrogen input from urea
fertilizer was calculated based on its nitrogen content of 45% [33].

The output of nitrogen and phosphorus into pond sediments was determined as
follows. Soil samples were collected before the experiment and on the harvest day, immedi-
ately prior to pond draining, using a 3 L Van Veen dredge (170 x 210 mm). Three cores
(10-15 cm depth) from each pond were combined into a composite sample. Samples were
dried in a forced-air recirculation oven at 45 °C for 72 h, and a subsample was collected
for analysis. Nutrient concentrations in the initial and final soil samples were measured
to calculate nutrient accumulation over the study period. Soil analysis for nitrogen and
phosphorus in resin was performed as described by Raij [34]. Sediment volume in each
pond was estimated by assuming a 15 cm depth, which corresponds to the layer where
nutrients typically accumulate [35]. Total sediment mass was calculated using the bulk
density of each sample, and nutrient mass in the sediment was obtained by multiplying
the nutrient concentration by the total sediment mass, following the procedures described
by Adhikari et al. [7] and Sahu et al. [13]. Raw values of sediment nutrient concentrations
and bulk density used to calculate sediment mass are provided in Supplementary Table S1.
Changes in nutrient mass between the initial and final samples were interpreted as nutrient
incorporation or loss in the soil [6,7,13].

2.4. Data Analysis

Data normality (Shapiro-Wilk test) and homogeneity of variances (Bartlett test) were
evaluated, and Box—Cox transformation [36] was applied when assumptions were not
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met. Water quality parameters were analyzed using repeated measures ANOVA, with
treatment, month (time), and their interactions included as fixed effects. When significant
treatment effects were detected, means were compared by using Tukey’s test. Differences in
nutrient retention, nutrient recovery, and input/output compartments were analyzed using
Student’s t-test. Correlations between feed consumption and fluctuations in nitrogen and
phosphorus levels in the sediment were assessed using Pearson’s correlation coefficient.
All statistical analyses were performed in R 4.2.3 [37], with significance set at o = 0.05. Data
are presented as means =+ standard deviations.

3. Results

Nitrogen and phosphorus contents for each ecological compartment were converted
into kg ha~! and expressed as percentage flows of inputs and outputs. The detailed nutrient
budgets are presented in Tables 3 and 4, while Figures 1 and 2 show the percentage distri-
bution of nitrogen and phosphorus across the different input and output compartments.
Positive unaccounted values indicate that part of the nutrient input was not recovered in
the measured compartments, while negative values indicate the opposite. For calculat-
ing the percentage contribution of each output compartment, the absolute value of the
negative unaccounted balance was incorporated into the total output, ensuring that all
components could be expressed as positive values. Feed was the primary source of both
nutrients in the system. Nitrogen and phosphorus inputs from the diet were significantly
higher in unfertilized ponds than in fertilized ponds. Water exchange contributed amounts
of nitrogen similar to those supplied by feed and was the second-largest contributor to
phosphorus inputs. Stocked animals contributed approximately 1% of N and 2% of P,
whereas fertilizers accounted for 19% of N and 6% of P in fertilized ponds. Consequently,
total N input was significantly higher in fertilized ponds, while total P input did not differ
significantly between treatments.

Nitrogen retained in environmental outputs, including water (OWP + ORW) and
sediment (OS), ranged from approximately 42 to 80%, whereas phosphorus outputs to the
environment ranged from 63 to 77% (Figures 1 and 2). No significant correlations were
observed between feed consumption and fluctuations in N and P levels in the sediment
(p > 0.05). Nutrient retention in harvested fish accounted for approximately 15-20% of
N and 22% of P. Nutrient outputs in the sediment exhibited high variability, resulting in
considerable variation in N output and unaccounted nutrient values. Consequently, no
significant differences were detected in unaccounted N and P or in total nutrient outputs
between treatments.

Unfertilized ponds exhibited higher total nitrogen use efficiency (Table 5). However, no
significant differences were observed between treatments in feed nitrogen and phosphorus
conversion, or in total phosphorus use efficiency (Table 5).

Table 3. Mean values (+SD) of nitrogen load in each pond compartment for the nitrogen budget of
tambaqui Colossoma macropomum production in fertilized (Fert) and unfertilized (NoFert) ponds over
10 months. Different letters within the same row indicate significant differences according to Student’s
t-test (p < 0.05). TNin = total nitrogen input; TNout = total nitrogen output; UN = unaccounted
nitrogen fraction.

i -1
Ecological Compartments Nitrogen (kg ha™")

Fert NoFert p-Value
TNin
Commercial diet 700 £ 25° 752 £ 122 0.010
Inlet water (fill ponds) 0.07 0.07 -
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Table 3. Cont.
. Nitrogen (kg ha—1)
Ecological Compartments Fert NoFert p-Value
Inlet water (renovation) 732 732 -
Stocked fish 14 14 -
Fertilizers 349 - -
Total inputs 1795 £ 252 1498 + 120 <0.001
TNout
Outlet water (drain pond) 0.05 + 0.04 0.04 £ 0.02 0.705
Outlet water (renovation) 742 4+ 141 826 + 67 0.323
Harvested fish 301 + 34 296 + 19 0.809
Sediment —104 £ 712 378 + 643 0.353
Total outputs 938 £ 632 1500 + 684 0.273
UN
Inputs-Outputs 857 £ 620 —2 1680 0.146

Table 4. Mean values (£SD) of phosphorus load in each pond compartment for the phosphorus
budget of tambaqui Colossoma macropomum production in fertilized (Fert) and unfertilized (NoFert)
ponds over 10 months. Different letters within the same row indicate significant differences according
to Student’s t-test (p < 0.05). TPin = total phosphorus input; TPout = total phosphorus output;
UN = unaccounted phosphorus fraction.

Ecological Compartments

Phosphorus (kg ha—1)

Fert NoFert p-Value
TPin
Commercial diet 144+ 6P 156 + 52 0.027
Inlet water (fill ponds) 0.003 0.003 -
Inlet water (renovation) 52 52 -
Stocked fish 5 5 -
Fertilizers 15 - -
Total inputs 248 + 6 245 +5 0.350
TPout
Outlet water (drain pond) 0.003 % 0.002 0.002 + 0.001 0.474
Outlet water (renovation) 53 + 11 46 +5 0.282
Harvested fish 56 + 6 55+3 0.860
Sediment 143 + 105 107 £ 79 0.847
Total outputs 252 + 108 208 + 79 0.340
UN
Inputs-Outputs —4+113 36 £75 0.534

Table 5. Feed conversion and nutrient use efficiencies (mean + SD) of nitrogen and phosphorus
accumulated in the harvested biomass of tambaqui (Colossoma macropomum) reared in fertilized (Fert)
and unfertilized (NoFert) ponds over 10 months. Different letters within the same row indicate

significant differences according to Student’s t-test (p < 0.05).

Treatments
Fert NoFert p-Value
Feed nitrogen conversion—FNC (%) 43 +£4 40£3 0.3271
Total nitrogen use efficiency—NUE (%) 17 £2P 20+12 0.0272
Feed phosphorus conversion—FPC (%) 38 +4 35+2 0.2043
Total phosphorus use efficiency—PUE (%) 26+3 26+1 0.9214
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Nitrogen Inputs - Fert Nitrogen Inputs - NoFert

Compartment
Inlet water (fill pond)

Fish biomass

Feed

Water renovation
Fertilizers

Outlet water (drain pond)
Harvested fish

Sediment

Outlet water (renovation)

H‘ ;I Unnacounted

Figure 1. Percentage distribution of nitrogen inputs and outputs in tambaqui Colossoma macropomum
production in fertilized (Fert) and unfertilized (NoFert) ponds over 10 months. Percentages (%)
indicate the contribution of each nitrogen input and output component relative to the total nitrogen

Nitrogen Outputs - Fert Nitrogen Outputs - NoFert

inputs and total nitrogen outputs, respectively.

Phosphorus Inputs - Fert Phosphorus Inputs - NoFert

(2]
°
3
H
:
E

Inlet water (fill pond)
Fish biomass

Feed

Water renovation
Fertilizers

Outlet water (drain pond)
Harvested fish

Sediment

Outlet water (renovation)

II Unnacounted

Figure 2. Percentage distribution of phosphorus inputs and outputs in tambaqui Colossoma macrop-
omum production in fertilized (Fert) and unfertilized (NoFert) ponds for 10 months. Percentages
(%) indicate the contribution of each phosphorus input and output component relative to the total

Phosphorus Outputs - Fert Phosphorus Outputs - NoFert

phosphorus inputs and total nitrogen outputs, respectively.
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4. Discussion

Nitrogen and phosphorus budgets revealed that feed was the main source of both
nutrients in tambaqui production, followed by water exchange, while fertilizers contributed
19% of N and 6% of P in fertilized ponds. As a result of fertilization, total N input was
significantly higher in fertilized ponds; however, total P input did not differ significantly
between treatments. Despite the higher nutrient inputs, no significant differences were ob-
served in total outputs or in the unaccounted N and P fractions. Nitrogen and phosphorus
retained in fish biomass represented 15-20% and 22% of total inputs, respectively, while
environmental outputs (water and sediment) accounted for up to 80% of N and 77% of P.

In fed aquaculture systems, formulated diets are the main source of nutrients and
play a major role in sustaining high fish productivity [1]. In tambaqui production ponds,
nitrogen and phosphorus inputs mainly come from the commercial diet, accounting for
39% of N and 58% of P in fertilized ponds and 50% of N and 64% of P in unfertilized
ponds, respectively. Harvested biomass recovered 43% of dietary nitrogen and 39% of
dietary phosphorus in fertilized ponds, compared with 39% and 35% in unfertilized ponds.
The higher nutrient recovery observed in fertilized ponds may be attributed to greater
ingestion and assimilation of natural food by tambaqui, as this species actively consumes
these resources in aquaculture ponds [25], thereby reducing nitrogen and phosphorus
input from the diet. However, the lower nutrient input from the diet in fertilized ponds
was insufficient to offset the additional nitrogen added through fertilization, resulting
in a higher total nitrogen input and lower nutrient use efficiency. In general, a positive
correlation between feed and nutrient loading has been reported in aquaculture systems
without fertilization management [26]. However, when fertilizers are applied, this relation
may change. For example, fertilizer accounts for 34% of nitrogen and 39% of phosphorus
inputs in semi-intensive giant gourami (Osphronemus goramy) production [19], whereas in
the present study it contributed 19% of nitrogen and 6% of phosphorus inputs. In contrast,
total phosphorus input was unaffected by fertilization, indicating that the reduction in
dietary phosphorus input was offset by fertilizer application. For nitrogen, however,
fertilizer addition exceeded the amount required to offset the lower dietary contribution,
resulting in a higher total nitrogen input and, consequently, reduced nitrogen use efficiency.
This pattern may reflect the distinct roles of fertilizers as nutrient sources in freshwater
systems, where phosphorus is often the limiting nutrient.

Inlet water was the second-largest contributor to nitrogen and phosphorus inputs
in tambaqui production (~41-49% and ~34%, respectively), likely due to its relatively
high nitrogen (5.77 4 3.09 mg L~') and phosphorus (0.43 + 0.48 mg L.~!) concentrations.
Similarly, Flickinger et al. (2019, 2020) [2,3] reported substantial contributions of inflow
water to nitrogen (23-58%) and phosphorus (21-37%) inputs in monoculture and integrated
systems producing tambaqui and Amazon River prawn, even without water exchange,
using hypereutrophic water (2.2 + 0.6 mg L~! N and 0.10 + 0.04 mg L~! P). Consis-
tently, Belmudes et al. [38] found a notable contribution of inflow water to nitrogen inputs
(20-30%) during yellowtail lambari (Astyanax lacustris) monoculture, integrated culture
with Amazon River prawn, and integrated culture with prawn and curimba (Prochilo-
dus lineatus) over a 60-day production period in ponds. By contrast, Pouil et al. [19]
reported lower inlet water concentrations of nitrogen (2.0 + 0.4 mg L~!) and phosphorus
(0.012 + 0.019 mg L) and, consequently, a lower percentage contribution (3-10%). These
findings indicate that the contribution of inlet water to nutrient inputs in pond systems
depends on the quality of the water supply.

Sediment has been identified as the primary sink of nitrogen and phosphorus in
previous nutrient budget studies [4,5,13,19,39]. This pattern was observed in the present
study for phosphorus (44-56%), but outlet water was the main compartment of nitrogen
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output (37-55%); sediment was even lower than harvested biomass in fertilized ponds.
Given the higher total nitrogen input in fertilized ponds, greater accumulation of this
nutrient in the sediment was expected. The reduction in nitrogen load in the sediment
(—104 £ 712 kg ha™!) in fertilized ponds is unexpected, and the underlying causes should
be investigated. No significant differences in nitrogen and phosphorus sediment accumula-
tion were observed between fertilized and unfertilized ponds. This is probably due to the
high variability in sediment among the ponds in both treatments, which reduces the power
of the t-test. This high variability suggests that multiple factors may influence nitrogen and
phosphorus accumulation in the sediment, such as decomposition of organic matter, seep-
age into deeper layers and denitrification, which releases N, gas into the atmosphere. This
variability may also be related to intrinsic sediment properties that affect nutrient retention
and mobility. The soil in the study area is classified as Plinthosol [40], characterized by low
uniformity and high variability in fine-earth texture [41]. These characteristics influence
water movement in the sediment, with some areas favoring infiltration and nutrient loss,
while others exhibit reduced percolation and greater nutrient retention.

Flickinger et al. [3] observed that nearly 50% of nitrogen was lost via denitrification in
tambaqui monoculture ponds. Although gas emissions were not measured in this study,
they may account for part of the unaccounted nitrogen and help explain the reduction in
nitrogen in fertilized pond sediments. Fertilization increased the amount of natural food in
fertilized ponds [25], i.e., the transformation of nutrients into living organisms that later
contribute to the sediment upon their death. These processes may have been responsible for
the increases in carbon concentrations in the sediment, previously described for this same
experiment [29]. This elevated carbon availability can accelerate denitrification, reduce
nitrogen accumulation, and enhance its release as N; gas [42]. Additionally, bioturbation
caused by manual fertilizer distribution, performed by walking through the ponds, and
by fish sampling, likely promoted sediment resuspension, thereby enhancing organic
matter degradation [43], preventing gas bubble accumulation [44], and further accelerating
denitrification. As bioturbation occurred more frequently in fertilized ponds, it may have
contributed to higher Ny liberation. Together, these processes may contribute to the large
variability observed in sediment accumulation of nitrogen and phosphorus in fertilized
and unfertilized ponds.

The harvested biomass assimilated 22% of the phosphorus input and 15-20% of
the nitrogen input, with no significant differences between treatments, indicating similar
efficiency in phosphorus and nitrogen uptake. These results highlight the low recovery
efficiency of both nutrients in tambaqui monoculture, regardless of fertilizer use. Most of
the nitrogen not retained in fish biomass was released into the environment through outlet
water (37-55%). A similar pattern was observed for phosphorus (19-21%). Comparable
findings have been reported in the literature. For example, Flickinger et al. [2,3] documented
low nutrient recovery efficiency in tambaqui production, with assimilation rates of 21%
for nitrogen and 13% for phosphorus in fish biomass. Likewise, Osti et al. [26] reported
that Nile tilapia in earthen ponds recovered a higher proportion of phosphorus (46%)
compared to nitrogen (26%). The limited efficiency of nitrogen and phosphorus retention
in tambaqui monoculture raises concerns about the use of this production model. It also
underscores the potential benefits of adopting more efficient systems, such as integrated
multitrophic aquaculture, which has been shown to improve nutrient recovery compared
with monoculture of this species [2,3,45,46].

Although nutrient recovery in harvested biomass was low, this does not imply poor
environmental sustainability, which depends on many other factors. Despite limited
conversion of dietary nutrients into fish biomass, effluent nutrient exports were minimal,
indicating strong internal retention and recycling. The low water exchange combined
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with nutrient recycling by plankton and the ability of tambaqui to assimilate natural
food are important characteristics that increase the sustainability of the system. Similar
patterns have been reported for semi-intensive tropical pond systems with limited water
exchange [2,3,15,39]. Additionally, life cycle assessment studies have shown that semi-
intensive pond systems consistently exhibit lower eutrophication impacts than intensive
aquaculture [47].

Imbalances are common in mass balance analyses, resulting from combined effects
of methodological limitations and the omission of certain ecological compartments [5]. In
the present study, nitrogen exchange with the atmosphere and loss by seepage in the soil
were not measured and may have contributed to the unaccounted nitrogen fraction [39].
Denitrification, which converts nitrate into N, gas under anaerobic conditions at the
pond bottom, is a major pathway of nitrogen loss to the atmosphere. This process can
be particularly intense in freshwater ponds. For example, Flickinger et al. [3] reported
that denitrification accounted for 48% (~325 kg ha~!) of nitrogen output in tambaqui
monoculture ponds filled with hypereutrophic water over a 6-month production cycle in a
subtropical region. In our study, the high proportion of unaccounted nitrogen in fertilized
ponds (43%) is likely to be linked to gaseous losses via denitrification. The denitrification
process in pond sediments is regulated by the availability of organic carbon [48]. Since
fertilized ponds generally support greater plankton production, which increases organic
carbon deposition in the sediment, this condition may have favored denitrification. In
contrast, no unaccounted nitrogen was detected in the unfertilized ponds, possibly due to
the lower nitrogen inputs and the consequent reduction in denitrification. More recently,
Belmudes et al. [38] reported a nitrogen unaccounted fraction of 32% in lambari (Astyanax
lacustris) monoculture. In their study, seepage represented 28% of total nitrogen output,
confirming it as a relevant pathway of nitrogen loss. This pathway is likely relevant not
only to nitrogen but also to phosphorus, which exhibited a high unaccounted portion
(15%) in unfertilized ponds. High unaccounted nutrient fractions are common in pond-
based aquaculture, with previous studies frequently reporting 30-50% for nitrogen and
15-30% for phosphorus due to gaseous losses, seepage, and analytical variability [2,3,38,49].
Thus, the magnitude of the unaccounted fractions observed here is consistent with values
reported for similar semi-intensive systems.

5. Conclusions

This study confirmed the inefficiency of nutrient recovery as fish biomass in monocul-
tures. Although pond fertilization can boost natural food and reduce feed inputs, it has a
limited effect on nutrient assimilation by fish. On the other hand, the results indicated that
tambagqui culture can retain nitrogen and phosphorus within ponds, generating effluent
nutrient loads similar to those of the inlet water. Nitrogen fertilization increased total
nutrient inputs without improving recovery efficiency, indicating limited benefits and
raising concerns about the environmental and economic sustainability of this practice in
fed tambaqui aquaculture. These findings suggest that fertilization strategies should be
reconsidered and optimized to avoid unnecessary nutrient loading. Fertilization may be
effective particularly when nutrient-poor source water is used.

The high variability observed in the sediment compartment highlights the complexity
of the factors acting in the biogeochemical processes at the pond bottom, which should
be investigated. Future studies should focus on identifying the drivers of sediment nutri-
ent dynamics and evaluating alternative management strategies to enhance nutrient use
efficiency and minimize environmental losses.
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