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Fishing causes direct removal of individuals from wild populations but can also cause a physiological disturbance in fish that
are released or discarded after capture. While sublethal physiological effects of fish capture have been well studied in com-
mercial and recreational fisheries, this issue has been overlooked for the ornamental fish trade, where it is common to capture
fish from the wild and discard non-target species. We examined metabolic responses to capture and discard procedures in
the three-striped dwarf cichlid Apistogramma trifasciata, a popular Amazonian aquarium species that nonetheless may be
discarded when not a target species. Individuals (n = 34) were tagged and exposed to each of four treatments designed to
simulate procedures during the capture and discard process: 1) a non-handling control; 2) netting; 3) netting +30 seconds of
air exposure; and 4) netting +60 seconds of air exposure. Metabolic rates were estimated using intermittent-flow respirometry,
immediately following each treatment then throughout recovery overnight. Increasing amounts of netting and air exposure
caused an acute increase in oxygen uptake and decrease in available aerobic scope. In general, recovery occurred quickly, with
rapid decreases in oxygen uptake within the first 30 minutes post-handling. Notably, however, male fish exposed to netting
+60 seconds of air exposure showed a delayed response whereby available aerobic scope was constrained <75% of maximum
until ∼4–6 hours post-stress. Larger fish showed a greater initial increase in oxygen uptake post-stress and slower rates of
recovery. The results suggest that in the period following discard, this species may experience a reduced aerobic capacity for
additional behavioural/physiological responses including feeding, territory defence and predator avoidance. These results are
among the first to examine impacts of discard practises in the ornamental fishery and suggest ecophysiological research can
provide valuable insight towards increasing sustainable practises in this global trade.
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Introduction
A common feature of many fisheries is the live discard of
at least a proportion of the captured fish. For commercial
fisheries, individuals are commonly discarded if they are non-
target species or unable to be retained due to legislation (e.g.
they are of a non-legal size or are out of season (Falco et al.,
2022)). In the case of recreational fishing, ‘catch-and-release’
angling is often performed as a conservation strategy, with
the assumption that fish can generally recover and survive
after being returned to their natural environment after capture
(Arlinghaus et al., 2007; Cooke and Schramm, 2007). In
many instances, however, physiological disturbance, bodily
injuries, and behavioural impairment have all been reported
in discarded fish (Meka and Margraf, 2007; Campbell et al.,
2010), all of which may contribute to making fish more sus-
ceptible to natural stressors and predation after release in both
recreational and commercial fisheries (Raby et al., 2014).
While there is a growing understanding of the impacts of the
physiological stress that fish experience during recreational
and commercial food fishing, little is known about the sub-
lethal impacts of discard in ornamental fish species, despite
the fact that there may be copious opportunities for the
discard of non-target species, phenotypes or sex in ornamental
fisheries (Militz et al., 2016). An additional unique element of
the ornamental trade is that fish that are retained after capture
are done so with the purpose of keeping them alive for sale.
Physiological disturbance incurred during capture may lead
to mortality occurring during subsequent holding or trans-
port, resulting in increased numbers of individuals ultimately
needing to be removed from the wild. An increased under-
standing of the physiological disturbance that fish experience
during capture would therefore provide a basis for reducing
stress and improving welfare and survival of fish in the
ornamental trade.

The ornamental fish trade is a global fisheries sector that
involves the transport and sale of ∼6 million tonnes of fish
annually (King, 2019; Borges et al., 2021). While this is a rel-
atively low volume compared to other fisheries sectors (Food
and Agriculture Organisation (FAO), 2016), the ornamental
sector is considered to be of disproportionately high economic
value, equating to ∼1.3 billion individual fish per year, with
an estimated value of US$15–20 billion (King, 2019). Some
ornamental fish are bred in captivity, but due to difficulties
with breeding in many species, a significant proportion are
harvested from the wild (Evers et al., 2019). While the issue of

discards has been generally overlooked in ornamental fishery,
it is likely to be substantial given that the fishing gear that are
used are often non-selective traps or nets that will also capture
non-target or non-valued species (Militz et al., 2016). As a
result, the direct harvest of fish for the ornamental trade, plus
the lethal or sublethal effects of discard practises, may have
important but unknown effects that are relevant for ongoing
discussions surrounding the environmental impacts of fishing
for the ornamental trade. On one hand, there is concern that
ornamental fisheries may be unsustainable or involve insuffi-
cient animal welfare considerations (Cohen et al., 2013). On
the other hand, when done sustainably, ornamental fisheries
provide an economic foundation for small communities in
developing regions and provide financial incentives for pro-
tecting aquatic habitats and their surroundings (Prang, 2001).
While this potential conflict should be resolvable, with fish
being sustainably harvested in a manner that prioritizes wel-
fare and is profitable for fishers and their communities, there
is an absence of information on issues that are fundamental
for making informed policies or understanding the ecological
impacts of ornamental fishing practises. This includes a basic
understanding of how discarded species or individuals may
be affected by stressors encountered during capture and their
subsequent release.

The procedures involved in the capture of ornamental
fish may cause various degrees of physiological or metabolic
disturbance in the captured fish. For small ornamental fishes,
particularly freshwater species, capture is often performed
using traps or handheld nets. While these methods avoid
many of the physical injuries that can be caused during
large-scale commercial fisheries (e.g. decompression, crushing
or other trauma in seines and trawls) or recreational fish-
eries (e.g. hooking injuries), the handling that fish encounter
may still generate important sublethal physiological effects.
Burst-type swimming activity or struggling during netting or
confinement can increase energy expenditure, and although
vigorous movements generally involve anaerobic metabolism,
this can cause a subsequent increase in aerobic metabolic
rate during recovery (Lee et al., 2003) due to the costs
of correcting disturbances to osmoregulatory status, muscle
glycogen and lactate concentrations and other physiological
changes occurring during exercise (Kieffer, 2000). Notably,
these adverse physiological effects of capture-related stres-
sors appear to be most pronounced for larger individuals
within species, at least for species targeted in recreational fish-
eries (e.g. coho salmon, Clark et al., 2012; largemouth bass,
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Gingerich and Suski, 2012). During the capture of ornamental
fish, individuals are generally exposed to air for at least a
brief period during initial sorting. The utilization of anaerobic
metabolism and associated physiological disturbance can be
exacerbated by air exposure in fish, which causes the collapse
of gill lamellae and systemic hypoxia due to the prevention
of gas exchange with the surrounding environment (Cook
et al., 2015). Taken together, the combined effects of net-
ting, air exposure and general handling may also elicit an
autonomic stress response that increases energy use and sys-
temic oxygen demand (Schreck and Tort, 2016). While this
phenomenon has been examined in commercial and recre-
ational fisheries, where it has been found that recovery of
oxygen uptake may take hours after capture-related stressors
(Clark et al., 2012; Raby et al., 2015), it has not been
considered in ornamental fisheries, in which fish experience
potentially experience different degrees of stress and are
generally smaller bodied compared to these other fishery
sectors.

Aside from a direct increase in energy expenditure, an
increase in metabolic rate may also constrain an animal’s
aerobic scope for additional physiological functions (Halsey
et al., 2018; Fu et al., 2022). Aerobic scope is function-
ally defined as the difference between an animal’s aerobic
metabolic floor (their standard metabolic rate, SMR, the
minimal energy required to sustain life in a resting, post-
absorptive animal; Chabot et al., 2016) and their metabolic
ceiling (maximum metabolic rate, MMR, the maximum rate
of aerobic metabolism achievable by the animal; Norin and
Clark, 2016), and represents the capacity of the cardiovascu-
lar system to deliver oxygen to tissues for aerobic metabolism.
Any oxygen use and delivery required by one aerobic func-
tion (e.g. physical activity) will, in general, cause a reduc-
tion in the capacity to perform others (e.g. digestion; (Clark
et al., 2013; Halsey et al., 2018; McLean et al., 2018). As
such, a rise in metabolic rate produced during the stress
responses to capture-associated stressors in fish may constrain
an individual’s available aerobic scope and compromise the
ability to perform additional aerobic tasks. While there is
evidence that stressors encountered during the catch-and-
release or discard of fish can cause an increase in oxygen
uptake and a reduction in the available aerobic scope of fishes
in recreational and commercial fisheries (Clark et al., 2012;
Cooke et al., 2014; Raby et al., 2015), this phenomenon
has not been investigated within the context of ornamental
fisheries.

Of the >90 species of dwarf cichlids of the genus
Apistogramma, many are harvested from the wild or cultured
for the ornamental fish trade in some capacity (Tribuzy-Neto
et al., 2020). They are native to South America and are
most diverse in the Amazon floodplains, and the diverse
array of species with overlapping ranges and habitats can
result in the simultaneous capture of multiple species and
non-target species of Apistogramma being discarded when
not specifically sought by fishers due to market demands

and space limitations during capture. Additionally, males are
often targeted in ornamental fisheries as sexual dimorphism
within the species can be observed, with males being
more colourful than females and thus in higher demand
in the aquarium trade (Römer, 2021). Apistogramma spp.
are often captured using a specialized dipnet called a
rapiche (Fig. 1), after which they may be air-exposed during
sorting or transfer to holding containers (∼30–60 seconds;
Pineda, Kochhann, Killen personal observations). Notably,
Apistogramma spp. show complex and sexually dimorphic
behaviours associated with territoriality, reproduction and
parental care. From the perspective of physiological responses
to discard, this could be relevant, given that sex can
contribute to intraspecific variability in metabolic rates
and sensitivity to stressors (Köhler et al., 2011), including
during catch-and-release practises in recreational fisheries
(Papatheodoulou et al., 2022).

We examined these issues in the three-striped dwarf cichlid
Apistogramma trifasciata. We hypothesized that if netting
and air exposure cause a physiological stress response in
captured fish, there would be an increase in metabolic rate
relative to a control treatment, and that as the combined
stressors (netting plus air exposure) become more intense, the
magnitude of the increase in metabolic rate would increase.
Correspondingly, any increase in metabolic rates due to net-
ting and air exposure would cause an accompanying decrease
in available aerobic scope. To test this hypothesis, we exposed
three-striped cichlids to various combinations of netting and
air exposure stressors that they encounter during a capture-
and-discard event, then measured the immediate change in
metabolic rate and throughout recovery using intermittent-
flow respirometry.

Materials and Methods
Animals
Three-striped dwarf cichlids A. trifasciata were purchased
from a licenced fish supplier and transported to the Uni-
versity of Glasgow. In the laboratory, fish were divided into
two equally sized groups, each of them housed in a glass
tank (59 × 37 × 26 cm) filled with recirculating and UV-
treated filtered water to 90% of its capacity (30% daily
water change). Each holding tank was continuously aer-
ated and enriched with four stands of ornamental plants,
wood, aquarium stones (2-cm high), substrate and two PVC
tubes (9.5 × 5.0 cm) under a 14-hour light:10-hour dark
photoperiod. Fish were acclimatized for 2 weeks before the
start of the experiment. The mean water temperature, pH
and dissolved oxygen of the holding tanks were maintained
at 28.03 ± 0.9◦C, 7.3 and 7.8 ± 0.4 mg/l, respectively. Fish
were fed tropical flakes for aquarium fish with 46.0% crude
protein twice daily during the period of acclimatization.
All animal experimental procedures were executed in accor-
dance with the UK’s Home Office guidelines (Project Licence
no. 60/4461).
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Figure 1: Capture process in an ornamental fishery in the Amazon. (A) A specialized hand net called a rapiche is used to capture fish. The net is
rapidly plunged through the water to catch fish on and within leaf-litter substrate; (B) Fish contact the net during the capture process; and (C)
may experience brief but direct air exposure during sorting. Note that the fish visible in panel C are hatchet fish (exact genus and species
unknown) and cardinal tetra Paracheirodon axelrodi. Photo credit: Shaun Killen.

Tagging and identification
Fish (n = 34) were tagged for individual identification using
visible implant elastomer (VIE, Northwest Marine Technol-
ogy Inc.). A combination of four colours (orange, green,
red and yellow) were used on four locations along the dor-
sal area (two on either side). Fish were anaesthetized in
2.5 ml benzocaine per 0.5 l of water before tagging (Zahl
et al., 2012). After tagging, all fish were weighed (E14130,
OHAUS, Switzerland) to the nearest hundredth of a gram (all
fish: 0.564 ± 0.040 g, mean ± SEM; females: 0.666 ± 0.066 g;
males: 0.449 ± 0.020 g), and their total length was measured
to the nearest hundredth of a centimetre with a precision
digital caliper (34.98 ± 0.91 cm; females: 35.83 ± 1.29 cm;
males: 33.91 ± 1.26 cm). Fish sex was also determined (18
females, 16 males) at this stage. The entire procedure took less
than a minute per fish. A few minutes after the handling pro-
cedure, fish resumed normal behaviour and were transferred
back to their holding tank where they were monitored for
24 hours.

Experimental treatments
Seven days post-tagging, at 09:00 in the morning, a subset
of cichlids were carefully guided into individual cylindrical
perforated plastic containers (12.5 × 7.5 cm; one fish per con-
tainer) underwater, within their holding tanks, then allowed
to rest in the covered containers in their holding tanks for
5 hours (with the containers floating in their holding tanks)

before the start of the experiment. Once in the individual
plastic containers, the fish could be easily removed from
the tanks without netting or air exposure, thus minimizing
the effects of capture stress from the holding tanks on the
experimental treatments.

All fish were individually exposed in a random order to
four treatments simulating four different types of handling
stress that they are likely to experience when captured in
the wild:

(1) Control. In this treatment, fish were transferred directly
from their acclimation container to the respirometer, without
air exposure, by gently pouring the contents of the container
into the respirometry chamber.

(2) Netting. In this treatment, fish were gently poured
from their container into a small bucket, then captured in
a small nylon hand net. The fish then remained in the net
for 10 seconds before being transferred to the respirometry
chamber underwater and without air exposure. There was no
specific attempt to chase the fish before netting, as the capture
of Apistomgramma spp. generally involves rapidly moving the
rapiche through the water and substrate, capturing fish resting
in leaves before they have an opportunity to be chased.

(3) Netting +30 seconds of air exposure. In this treatment,
fish were captured with a hand net as in the netting treatment,
but then received 30 seconds of air exposure before being
placed in the respirometer.

..........................................................................................................................................................

4

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/12/1/coad105/7590391 by U

niversity of G
lasgow

 user on 19 M
arch 2024



..........................................................................................................................................................
Conservation Physiology • Volume 12 2024 Research article

(4) Netting +60 seconds of air exposure. In this treatment,
fish were captured with a hand net as in the netting treatment,
but then received 60 seconds of air exposure before being
placed in the respirometer.

Estimation of metabolic rates
Once placed in the respirometer, oxygen uptake measure-
ments commenced for each individual using intermittent-flow
respirometry (Svendsen et al., 2016). Full respirometry details
are listed in Supplementary Table S1. Fish oxygen uptake
was used as a proxy of fish whole-body aerobic metabolism
(Killen et al., 2021). Respirometry trials started between
14:00 and 16:00 each day then continued overnight. Fish
were exposed to one treatment per day, with each fish being
allowed to rest in its holding tank for a minimum of 48 hours
between treatments. Each day, 11–15 fish were measured
using respirometry, with 3–4 being randomly exposed to each
of the different treatments on each experimental day, until all
fish had been measured in each treatment. Individuals were
allowed at least 2 days between repeated measurements. The
feeding of the fish was suspended 24 hours prior to the start
of each experimental trial to measure metabolic rate during a
non-digestive phase.

The respirometer system included oxygen sensors (Pyro-
Science GmbH, Aachen, Germany) and 16 parallel cylindrical
glass chambers submerged into a large water basin (79.5 ×
59.0 × 21 cm, 56 l of water), maintained at 28.0 ± 0.1◦C
using a thermostat and sump. Due to slight variation in fish
size, a total of 12 small (30.0 ml) and four large cylindrical
chambers (58.3 ml) were used. A single fish was placed in each
chamber with one of the chambers left empty as a control for
bacterial consumption during the experimental procedure. In
addition, blank measures of each chamber were conducted
without fish before and after each trial run. The respirometry
system was supplied with filtered and UV-treated water. All
16 respirometry chambers were intermittently flushed with
clean oxygenated water by a set of four pumps, which were
automated to flush for 2 minutes followed by a 4-minute
closed phase during which dissolved oxygen was automat-
ically recorded every 2 seconds. Water mixing within the
respirometer was achieved with the use of a peristaltic pump.

Each cichlid was placed in the respirometry chamber
immediately after exposure to one of the handling stress
treatments. Visible interaction between the fish was prevented
with black corrugated plastic placed in between the chambers.
Recording continued overnight and lasted for an average
of 21 ± 2 hours (mean ± SD; Supplementary Table S1). The
oxygen depletion of empty chambers was carried out for
30 minutes (5 slopes) before putting the fish in the chambers
and for 30 minutes after removing them to account for the
background oxygen consumption in each chamber (i.e. micro-
bial respiration). The slopes of the decrease in the oxygen
values during closed phases were estimated using the FishResp
R package (Morozov et al., 2020). The rate of oxygen uptake
by the fish was calculated for each individual by multiplying

the obtained slopes by the volume of the respirometry
chamber after removing the volume of the fish and adjusting
for background microbial respiration (Killen et al., 2021).

For each fish, 24 hours after the last treatment for all
fish in the study, MMR was estimated by measuring oxygen
consumption rate immediately after exhaustion caused by
manual chasing (Table 1; (Norin and Clark, 2016). Each fish
was chased to exhaustion in a circular tank (32-cm diameter,
3-l volume) for an average of 44.17 ± 1.42 seconds. Chasing
ended when the fish would no longer respond to gentle
touching by attempting to swim away. Immediately after the
chasing protocol, the fish was transferred to the respirometer
to measure oxygen consumption. Visual separation between
individuals and respirometry procedures and general proce-
dures was carried out as before, but fish were not left in the
respirometers overnight.

Statistical analysis
Data from the control treatment for each fish was used to esti-
mate their individual SMR, taken as the lowest 20th percentile
of oxygen uptake throughout the measurement, excluding the
first 5 hours post-stressor and then only including data up
to 15 hours after transfer to the respirometers, to avoid con-
founding effects of morning activity (Table 1). For MMR and
initial metabolic rate (IMR), values were taken as the maxi-
mum rate of oxygen uptake during a rolling 2-minute regres-
sion window during the first respirometer closed phase after
chasing or the experimental treatment, respectively (Prinzing
et al., 2021). The aerobic scope (AS; Table 1) in mg O2 h−1

of each fish was calculated as the difference between the
maximum level of metabolism estimated across all trials (i.e.
maximum value obtained for either MMR or IMR) and SMR.
The remaining aerobic scope (ASremain), after accounting for
any treatment-associated change in MO2, was also calculated
at each time point, and is expressed as a percentage of
maximum AS (Table 1). To estimate the overall excess post-
treatment oxygen uptake (in mg O2), above that required for
maintenance in each treatment, the integrated area under the
curve of MO2 versus time was calculated for each individual
using the trapezoid rule (Fornberg, 2021), after subtracting
SMR from the MO2 measured at each time point.

All statistical analyses were carried out using R version
4.2.1 (The R Foundation for Statistical Computing, 2022).
Linear mixed-effect models (LMEs) were used to test the
effects of the treatments on energy expenditure and aerobic
capacity of the cichlids, using the packages lme4 (Bates et al.,
2015) and lmerTest (Kuznetsova et al., 2017). The response
variables were IMR, ASremain and excess post-treatment oxy-
gen uptake, while the explanatory variables were treatment,
sex and body mass. Additional models were run using all
measures of MO2 from over a 15-hour period following
each treatment, with log10(MO2) or log10(ASremain + 0.1)
as the response variables, and log10(mass), log10(time + 0.1),
sex and treatment as response variables. Model assumptions
of linearity and homoscedasticity and normality of residuals
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Table 1: Definitions of each metabolic trait estimated for three-striped dwarf cichlids in this study

Measure Abbreviation Description

Standard metabolic rate SMR Representative of the minimal energy required to sustain life, excluding
growth, digestion and activity costs. Taken as the 20th percentile of oxygen
uptake measurements within the control trial, excluding the first 5 hours
post-stressor and then only including data up to 15 hours after transfer to
the respirometers, to avoid confounding effects of morning activity.

Maximum metabolic rate MMR An estimate of the maximum achievable rate of oxygen uptake, in this study
performed immediately following manually being chased to exhaustion,
during recovery. Calculated as the maximum rate of oxygen uptake
measured during a rolling 2-minute interval during the first closed
respirometer phase following chasing (Prinzing et al., 2021).

Initial metabolic rate IMR The maximum rate of oxygen uptake measured following exposure to the
experimental treatments. Estimated immediately following exposure to the
treatment. Calculated as the maximum rate of oxygen uptake measured
during a rolling 2-minute interval during the first closed respirometer phase
following treatment exposure (Prinzing et al., 2021).

Aerobic scope AS The amount by which an individual can increase its oxygen delivery to
tissues to support aerobic metabolism, above that required for maintenance.
Estimated as subtracting SMR from either MMR or the highest IMR measured
for a given fish, depending on which was the greatest value.

Remaining aerobic scope ASremain The available aerobic scope remaining for individuals following exposure to a
given experimental treatment, due to their rise in oxygen uptake displayed
during that time, expressed as a percentage of total aerobic scope.
Calculated immediately following each treatment as ((AS − (IMR − SMR)) /
AS) x 100. This value was also calculated for each data point throughout the
entire MO2 measurement period as ((AS − (MO2 − SMR)) / AS) x 100, where
MO2 = oxygen uptake (mg h−1) at a specific time post-treatment.

Excess post-treatment oxygen uptake none An estimate of the integrated energy use over time above that required for
maintenance (in mg O2), taken as the area under the curve of MO2 versus
time, after subtracting SMR from each data point.

were verified using visual inspection of residual-fit plots, and
some variables (MO2, ASremain (with +0.1 added to account
for zero values), mass and time (+ 0.1)) were log-transformed
in the latter models to conform to model assumptions. Fish
ID was included as a random effect in all models to account
for repeated measures of individuals across treatments. Initial
models included all main effects and interactions, with model
selection proceeding as described by Zuur et al. (2009). Non-
significant interactions were dropped one at a time, starting
with those with the lowest t-value, but they were left in the
model if their removal resulted in a significantly larger Akaike
information criterion (AIC) value as estimated by fitting using
likelihood ratio tests. Final model parameters were estimated
by fitting using restricted maximum likelihood (Supplemen-
tary Table S2, S3). The level of significance was set at alpha,
α = 0.05. Values in text are presented as means ± SEM.

Results
Following experimental treatments, most fish showed an
immediate increase in oxygen uptake (Fig. 2A), with an
increase in IMR in treatments with greater degrees of handling
and air exposure (Fig. 2B; LME, effect of treatment, F = 11.19,

P < 0.0001). Overall, for example, IMR was 35% higher
for the netting +60 seconds of air exposure treatment
(0.591 ± 0.03 mg O2 h−1) as compared to the control
treatment (0.436 ± 0.024 mg O2 h−1). Fish with a greater
body mass showed a greater IMR and showed the greatest
relative increase in IMR in the treatments with air exposure
(Figure2C, LME, effect of mass × treatment interaction, 6.15,
P = 0.0007).

Most of the recovery from the treatments, in terms of a
decrease in oxygen uptake over time, occurred within the
first 4–30 minutes post-treatment (Fig. 2A). Recovery of MO2
was slowest when fish were exposed to netting +60 seconds
air exposure, remaining elevated compared to other treat-
ments for ∼6 hours post-treatment, then gradually decreasing
beyond this time (Fig. 2A; LME, time × treatment interac-
tion, F = 83.62, P < 0.0001). Larger individuals showed a
slower decrease in MO2 over time post-treatment (LME,
mass × time interaction, F = 76.76, P < 0.0001). Despite
this, however, females—which on average were larger than
males in our study—recovered MO2 more quickly than males,
especially in the netting +60 seconds air exposure treatment
(Fig. 2A; LME, sex × time × treatment interaction, F = 82.13,
P < 0.0001). There were no effects of sex or mass on excess
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Figure 2: Effects of capture and handling stress: (A) oxygen uptake in the 15 hours following each treatment; (B) the initial metabolic rate
immediately following each treatment; and (C) the relationship between initial metabolic rate and body mass in three-striped dwarf cichlids A.
trifasciata (n = 34). In A, the lines connect mean values within each treatment at each 6-minute interval (corresponding to the open–closed
phases of the intermittent-flow respirometers); in C, lines represent linear regressions. Shaded areas in A and C represent 95% confidence
intervals. Overlaid on the boxplot in B are data points representing one individual. Each individual was tested in each treatment. For panel B, the
median MMR for all fish in the study, as elicited by the chase method, is shown for reference and is represented by the horizontal beige line (the
shaded area around this line in the range between the 25th and 75th percentiles for MMR). Boxplot lower and upper hinges represent the 25th
and 75th percentiles, respectively; the horizontal line within the box represents the median; the length of whiskers represents the range of data
points between either the upper or lower hinge and 1.5× the difference between the 25th and 75th percentiles.
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Table 2: Integrated excess post-treatment oxygen uptake over 6 or 15 hours post-exposure to various treatments simulating capture handling
stressors. Excess oxygen uptake was taken as the area under the curve of MO2 versus time post-treatment, after subtracting the costs of
maintenance (SMR). Also shown is the relative (%) increase in oxygen uptake, relative to what would be required for maintenance over the same
time frame.

Over 6 hours Over 15 hours

Excess MO2 (mg O2) % Above maintenance Excess MO2 (mg O2) % Above maintenance

Control 0.225 ± 0.058 15.937 ± 3.892 0.402 ± 0.068 11.721 ± 1.952

Netting 0.230 ± 0.053 17.229 ± 3.747 0.402 ± 0.063 11.290 ± 1.766

Netting + 30 s air 0.211 ± 0.043 15.053 ± 2.526 0.367 ± 0.051 10.722 ± 1.317

Netting + 60 s air 0.367 ± 0.070 24.141 ± 3.892 0.526 ± 0.088 13.636 ± 1.820

post-treatment O2 uptake over the entire course of the oxygen
uptake measurements (LME, P > 0.5 in all cases) or during
the first 6 hours post-treatment (when the MO2 of the netting
+60 seconds air exposure treatment was elevated compared
to other treatments; LME, P > 0.3 in all cases; Table 2). In
the most extreme handling treatment (netting +60 seconds of
air exposure), however, excess post-treatment oxygen uptake
was 0.367 mg O2 after 6 hours, which is 24.14% above that
required for maintenance over this time (Table 2), although
this effect was not statistically different from the control
treatment (LME, effect of treatment, t = 1.746, P = 0.083).

The increased oxygen uptake after the treatments resulted
in a decrease in ASremain (Fig. 3A). Fish experienced a greater
reduction in AS with increasingly severe degrees of han-
dling and air exposure (Fig. 3B; LME, main effect of treat-
ment, F = 8.34, P < 0.0001). For example, the ASremain of fish
immediately following the netting +60 seconds air exposure
treatment was on average only 44% of the ASremain for
fish immediately after the control treatment, with almost
all fish in the netting +60 seconds air exposure treatment
approaching the limits of their AS at this time (Fig. 4B).
Fish with a greater body mass showed the greatest relative
decrease in AS in treatments with air exposure (Fig. 3C, LME,
effect of mass × treatment interaction, 3.70, P = 0.013). As
with MO2, the majority of restoration in ASremain occurred
within 4–30 minutes post-treatment (Fig. 3A), with fish in
most treatments increasing to >75% ASremain during this
time. An exception was male fish in the netting +60 seconds
air exposure treatment, for which mean ASremain was lower
relative to the other treatments and <75%, until ∼4 hours
post-treatment (Fig. 3A).

Discussion
We hypothesized that if handling during capture causes a
physiological stress response in three-striped dwarf cichlids,
fish experiencing netting and air exposure would display
an elevation in metabolic rate post-stress relative to a
control treatment, with the magnitude of the metabolic
response increasing with the severity of the combined
stressors. Furthermore, we anticipated that any increase in

oxygen uptake due to capture-related stressors would cause
a decrease in available aerobic scope. These predictions
were generally supported, and although most recovery
of MO2 and ASremain occurred within 30 minutes post-
treatment, there were notable effects of handling stress on
metabolic traits that are of potential ecological importance.
For example, the aerobic scope of individuals was constrained
following exposure to the treatments, with some individuals
having little or no aerobic scope for additional oxygen-
consuming functions in the minutes following the capture
process. These effects were greatest for larger fish when
they received increasingly severe stressors (i.e. netting + air
exposure). In addition, males recovered more slowly than
females, especially when exposed to the most severe handling
treatment, with lingering effects of handling stress on MO2
and ASremain for several hours post-treatment when receiving
60 s of air-exposure following netting. Therefore, while the
acute stressors encountered during capture has a generally
modest effect on energy expenditure, there can be a temporary
reduction in the capacity for aerobic metabolism that could
limit digestion or locomotor activity involved in predator
avoidance, foraging or territory defence.

Immediately following simulated capture and discard, indi-
viduals showed the greatest increase in oxygen uptake when
exposed to a combination of netting stress and air expo-
sure, and this disturbance increased with the duration of air
exposure. The proximate cause of the increase in metabolism
following handling stress is likely due a combination of: 1)
aerobic recovery from any anaerobic metabolism occurring
during netting (e.g. due to bursts of anaerobic swimming
activity during confinement) or while exposed to air (i.e. due
to a decrease in systemic oxygen availability) and 2) activation
of an autonomic stress response that can increase oxygen
demand. Air exposure has been identified as a primary source
of anaerobic metabolism in fish in recreational catch-and-
release fisheries (Cook et al., 2015), as the delicate gill lamel-
lae of fish collapse in air and are incapable of gas exchange
with the external environment. Aside from a transient increase
in metabolic energy expenditure, the most serious conse-
quence of this increased peak level of aerobic metabolism is
to constrain the aerobic scope available for other oxygen-
consuming physiological processes. In fishes, for example, the
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Figure 3: Effects of capture and handling stress on: (A) remaining aerobic scope (ASremain) in the 15 hours following each treatment; and (B)
ASremain immediately following each treatment; and (C) the relationship between immediate post-treatment ASremain and body mass, in
three-striped dwarf cichlids A. trifasciata (n = 34). In A, the lines connect mean values within each treatment at each 6-minute interval
(corresponding to the open–closed phases of the intermittent-flow respirometers); in C, lines represent linear regressions. Shaded areas in A and
C represent 95% confidence intervals. Overlaid on the boxplot in B are datapoints representing one individual. Each individual was tested in
each treatment. Boxplot lower and upper hinges represent the 25th and 75th percentiles, respectively; the horizontal line within the box
represents the median; the length of whiskers represents the range of data points between either the upper or lower hinge and 1.5× the
difference between the 25th and 75th percentiles. Data points beyond the extent of the whiskers are outliers.

metabolic costs of meal digestion and assimilation can occupy
a large proportion of an individual’s aerobic scope (Sandblom
et al., 2014), so the results of this study suggest that digestion

may be impaired during recovery following discard. Similarly,
aerobic metabolism can be important during predator–prey
interactions (Killen et al., 2015) and agonistic interactions
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during territorial disputes (Killen et al., 2014), and so dis-
carded three-striped dwarf cichlids may be more prone to
predation or being outcompeted by conspecifics following
release, especially if they have experienced air exposure during
handling. This decrease in the competition ability could be
especially important for males that compete for territories
in Apistogramma spp. (Rodrigues et al., 2012). Interestingly,
there were also several instances where individuals showed
a dramatic increase in estimated aerobic scope following an
experimental treatment, such that the values for ASremain
exceeded 100%. In these cases, it is likely that individuals
experienced a short-term bradycardia following the acute
stressor (Brijs et al., 2019), causing oxygen uptake to be
very low during this brief initial period. Overall, additional
research is needed to understand the exact ecological con-
sequences of the reduction in available aerobic scope that
occurs during the recovery from discard in this species. Also
notable is that several ornamental fish species are capable
of air-breathing (e.g. Corydoras spp.; Pineda et al., 2020).
While the ability to breathe air could reduce the effects of
air exposure on these species, any excess post-discard oxygen
demand could also cause individuals to increase their air
exposure, potentially exposing them to additional predation
risk from aerial or terrestrial predators (Kramer, 1987; Pineda
et al., 2020).

The metabolic rates of individual three-striped dwarf cich-
lids decreased quickly from the disturbances associated with
capture and discard events, despite there being a large ini-
tial increase in aerobic metabolism that could temporarily
constrain aerobic scope. In most treatments, the integrated
increase in energy expenditure was 10–18% above main-
tenance over the first 6–15 hours post-treatment (Table 2).
These values are likely to be within or close to the routine
energy expenditure that these fish display while performing
their regular behaviours and digestion, and suggests that the
physiological response to handling during capture and release
does not elicit a strong degree of additional energy expendi-
ture beyond what fish would normally experience. It is note-
worthy, however, that the O2 uptake of fish exposed to netting
+60 seconds or air exposure remained elevated compared
to the other treatments for ∼6 hours post-treatment, which
resulted in a relatively higher integrated energy expenditure
(24% above maintenance) and a constrained aerobic scope
during this time. Interestingly, between 30 and 120 minutes
of recovery, the MO2 of females in the control treatment
tended to be higher than that of fish exposed to the interme-
diate handling treatments (netting and netting +30 seconds
air exposure). It is possible that fish receiving the handling
stressors were exhibiting reduced spontaneous activity during
this time, which would have contributed to a reduction in
oxygen uptake relative to the control treatment. Similarly,
males exposed to netting +60 seconds of air exposure showed
a gradual reduction in MO2 and increase in ASremain, which
eventually surpassed the other treatments by ∼11 hours post-
treatment, possibly also due to a suppression of activity
following recovery. While general activity is limited within

the respirometry chambers, fish are still able to turn, swim
the length of the chamber (∼1–2 body lengths), move their
pectoral and caudal fins and perform other small move-
ments. Following bouts of anaerobic metabolism, such as
that occurring during burst-type exercise or air exposure in
fish, there can be depletions in muscular glycogen, ATP and
phosphagens, changes in blood and intracellular muscle pH
and various disturbances to ion balance in blood and tissues
(Kieffer, 2000; Killen et al., 2003; Holder et al., 2022). Alone
or in combination, these factors may reduce the motivation or
ability to engage in spontaneous activity during recovery, even
if whole-animal oxygen uptake appears to have recovered.
It is also possible that activity was reduced to facilitate an
increase in ASremain for other aerobic physiological processes,
but the exact nature of the interactions among ASremain,
cellular-level recovery and behaviour require more detailed
study. In addition, while most recovery of oxygen uptake of
three-striped dwarf cichlids occurs rapidly from the handling
stressors encountered during a typical capture-and-discard
sequence, further work is needed to determine if there are
additional forms of physiological or behavioural disturbance
that persist further throughout the recovery period.

Larger individuals showed the greatest increase in MO2
immediately post-treatment and recovered MO2 more slowly
post-treatment. It is not surprising that fish with a greater
body mass had a higher IMR, because they require more
oxygen to support their increased biomass. However, larger
fish also showed a greater increase in IMR in the treatments
with air exposure, relative to their own IMR in the control
treatment, indicating that larger fish were more sensitive
to handling, especially in treatments involving air exposure.
Prior work, with other species in the context of recreational
fisheries, has found that larger individuals can show greater
disturbances to osmoregulatory status, muscle and plasma
lactate and oxygen uptake following burst-type activity and
air exposure, and take longer to recover than smaller indi-
viduals (Clark et al., 2012; Gingerich and Suski, 2012). The
reasons for this are not known, but larger individuals may
produce more whole-body lactate due to a higher total mass
of predominantly anaerobic white muscle, which could then
take longer to metabolize in larger fish, perhaps due to the
allometric scaling of metabolic rate with body size and poten-
tially reduced activities of key metabolic enzymes (Childress
and Somera, 1990; Davies and Moyes, 2007). Larger fish also
experience a greater osmoregulatory disturbance following
exercise and/or air exposure (Clark et al., 2012; Gingerich
and Suski, 2012), which can be energetically costly to recover
(Bœuf and Payan, 2001). Regardless of the exact cause, dis-
proportionate effects of handling stress on larger individuals
could alter the balance of size-based dominance hierarchies if
the capacity for aggression is limited during recovery, or larger
and more fecund females could experience adverse effects on
reproduction as compared to smaller females. Overall, the
causes and consequences of size-based differences in sensitiv-
ity to the stressors encountered during capture and discard is
an area that requires further investigation.
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Males showed a delayed recovery of MO2 and ASremain
post-handling as compared to females when exposed to net-
ting +60 seconds of air exposure, with the average ASremain of
males being <75% until at least 4 hours post-stress. This con-
trasts with work with sockeye salmon showing that females
have a slower recovery following capture-related stressors
(Eliason et al., 2020), perhaps because sockeye salmon were
examined while during a spawning migration while egg-
bearing, while the females in our study did not appear to
be carrying eggs and were not in spawning condition. The
reason for this sex-based difference in the present study
is unclear, but an increase in anaerobic metabolism during
handling in males could lead to an elevated oxygen uptake
during recovery, as aerobic metabolism is used to fuel the
processing of accumulated lactate (Richards et al., 2002). It
is possible that males have a higher capacity for anaerobic
metabolism, especially if bursts of anaerobic swimming are
used more frequently by males during agonistic interactions.
It is notable that Apistogramma spp. are generally found in
hypoxia waters, and so the effects of hypoxia on recovery
from handling would be important to measure directly in this
taxa. Males have been observed to have a higher capacity for
anaerobic metabolism in other fish species (Schoenebeck and
Brown, 2012), and further research examining the activity
of lactate dehydrogenase or changes in whole-body lactate
post-stress in dwarf cichlids would provide more insight into
this area. Hormonal signalling also plays a complex role in
eliciting the autonomic stress response, possibly contributing
to differences in stress responsiveness between males and
females (Campbell et al., 2021). Although the exact causes
require further study, any asymmetry in the sensitivity of
females and males to handling stressors could cause dif-
ferential effects on reproduction. For example, three-striped
dwarf cichlids display biparental care, with the female tending
to guard the immediate location around the nest while the
male patrols the periphery of the territory (Mendes et al.,
2021). Wild Apistogramma spp. breed year-round, and so
fishing and breeding will overlap. Assuming brooding fish can
find their nest territory after being discarded, compromised
defences may result in nest predation or abandonment, like
observations in recreational fisheries (Suski et al., 2003).
Moreover, although effects of the most severe stress treatment
on females were reduced as compared to males, female three-
striped dwarf cichlids are known to engage in mouthbrooding
behaviour (Mendes et al., 2021), and so any increases in
oxygen demand could reduce the ability to engage in this
important form of parental care given that mouthbrooding
is both energetically costly and may constrain ventilation
(Reardon and Chapman, 2010).

In summary, our results suggest that following discard after
capture, three-striped dwarf cichlids experience an imme-
diate limitation in the aerobic scope available for oxygen-
consuming physiological processes. While this constraint is
likely to only last until ∼30 minutes post-release, during this
time individuals would be expected to show an impaired
ability to escape predators, find and process food and defend

territories, though the exact ecological effects of this tran-
sient decrease in aerobic capacity require further study. In
addition, larger individuals and males experienced a slower
rate of recovery after handling, with modest effects on males
being detectable for several hours following the most severe
stressor treatment. Additional work could also examine the
physiological response of fish captured in actual ornamental
fisheries, to provide a more complete picture of the sublethal
effects that may occur. It is possible, for example, that fish
in an actual fishery could be exposed to air for a longer
period during sorting or even be captured multiple times in
rapid succession when a netting is repeatedly performed in an
area. Still, the results here may be transferable to other Apis-
togramma species that are frequently targeted in the ornamen-
tal fish trade and serve as a basis for additional comparative
research.

While a physiological approach has been useful for inform-
ing regulations and practitioner ethics for other fisheries
sectors, and especially for catch-and-release practises in recre-
ational fisheries (Cooke et al., 2013), much more work is
required to devise and implement best-practise guidelines for
fish collection in the Amazonian ornamental fishery based on
physiological data. The current study is the first to explore
the proximate effects of discard in this important yet over-
looked fishery. Much more data is needed to gain a complete
understanding of the factors at play, including the modulating
effects of environmental variables on recovery from handling
(e.g. temperature and hypoxia, which can be extreme in the
habitats where Apistogramma spp. are found), species-specific
differences and ecological consequences. We encourage fur-
ther work in this area, coupled with increased interaction with
ornamental fishers, to facilitate a path towards increasingly
sustainable ornamental fisheries that have minimal ecological
impacts.
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