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Elevated temperature and acclimation time affect metabolic
performance in the heavily exploited Nile perch of Lake Victoria
Elizabeth A. Nyboer* and Lauren J. Chapman

ABSTRACT
Increasing water temperatures owing to anthropogenic climate
change are predicted to negatively impact the aerobic metabolic
performance of aquatic ectotherms. Specifically, it has been
hypothesized that thermal increases result in reductions in aerobic
scope (AS), which lead to decreases in energy available for essential
fitness and performance functions. Consequences of warming are
anticipated to be especially severe for warm-adapted tropical species
as they are thought to have narrow thermal windows and limited
plasticity for coping with elevated temperatures. In this study we test
how predicted warming may affect the aerobic performance of Nile
perch (Lates niloticus), a commercially harvested fish species in the
Lake Victoria basin of East Africa. We measured critical thermal
maxima (CTmax) and key metabolic variables such as AS and excess
post-exercise oxygen consumption (EPOC) across a range of
temperatures, and compared responses between acute (3-day)
exposures and 3-week acclimations. CTmax increased with
acclimation temperature; however, 3-week-acclimated fish had
higher overall CTmax than acutely exposed individuals. Nile perch
also showed the capacity to increase or maintain high AS even at
temperatures well beyond their current range; however, acclimated
Nile perch had lower AS compared with acutely exposed fish. These
changes were accompanied by lower EPOC, suggesting that drops in
AS may reflect improved energy utilization after acclimation, a finding
that is supported by improvements in growth at high temperatures
over the acclimation period. Overall, the results challenge predictions
that tropical species have limited thermal plasticity, and that high
temperatures will be detrimental because of limitations in AS.
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INTRODUCTION
Increasing water temperatures owing to anthropogenic climate
change have been associated with shifts in the phenology,
distribution and abundance of aquatic ectotherms in both marine
and freshwater systems (Perry et al., 2005; Ficke et al., 2007; Comte
et al., 2013), and are known to have profound effects on the
physiology of fish species that can lead to reduced fitness in wild
populations (Ficke et al., 2007; Crozier and Hutchings, 2014). To
cope with rapidly changing thermal regimes, fish must either
relocate to more suitable habitats or adjust to novel conditions
through phenotypic plasticity and/or genetic change (Rosset and
Oertli, 2011). For fishes inhabiting inland systems, where relocation

to higher latitudes is not always possible, in situ responses to
rising temperatures are essential. Predicting effects of climate
change on inland fishes therefore requires an understanding of
how thermal increases affect metabolic performance, fitness traits
and the capacity for physiological adjustments to rising water
temperatures (Clark et al., 2011, 2013a; Gräns et al., 2014; Norin
et al., 2014).

In fishes and other ectothermic animals, temperature tolerance
limits (thermal windows) can help to predict responses to changes in
temperature. On a simplistic level, a thermal window can be
understood as a unimodal performance curve with functional
efficiency of a given performance measure maximized under a
range of optimal temperatures (Topt) and falling to zero upon
approaching critical temperatures at the upper (Tcrit,max) and lower
(Tcrit,min) thermal limits (Fry, 1947; Brett, 1971; Huey and
Stevenson, 1979; Pörtner, 2010; Schulte, 2015). The exact shape
of this curve varies among species, and is determined in part by the
temperature range in their natural habitat (adaptive background) and
their ability to cope with thermal variability (phenotypic plasticity)
(Huey and Stevenson, 1979; Pörtner, 2010; Schulte, 2015).
For example, warm-adapted tropical species, having evolved in
relatively thermo-stable environments, are predicted to have narrow
thermal windows compared with their temperate counterparts, and
are thought to be living near the upper edge of their thermal
tolerance limit (Tewksbury et al., 2008), making them especially
sensitive to temperature increases (Stillman, 2003; Tewksbury et al.,
2008). Given the high levels of interspecific variation in this trait, a
great deal of species-specific testing is required to reveal whether
such overarching patterns exist; however, tropical inland fishes are
understudied compared with temperate and marine species (Comte
et al., 2013). In this study, we test the thermal plasticity of a tropical
freshwater fish [the Nile perch, Lates niloticus (Linnaeus 1758)] by
examining their metabolic performance in a range of water
temperatures and comparing responses across acclimation times.

Aerobic scope (AS), defined as the increase in an animal’s
oxygen consumption from its standard to its maximal metabolic rate
(SMR and MMR, respectively), is a key measure of metabolic
performance in fishes. For ectotherms, it has been hypothesized that
decreases in AS set temperature limits at the upper and lower end of
a species’ thermal window through a process known as oxygen and
capacity-limited thermal tolerance (OCLTT) (Pörtner, 2010). At the
upper edge of a species’ thermal tolerance limit (approaching Tcrit,
max), OCLTT predicts that SMR will increase at a faster rate than
MMR because of limitations in the capacity of the cardiorespiratory
system to deliver adequate oxygen to respiring tissues, which
ultimately manifests as declines in AS (Pörtner and Farrell, 2008;
Pörtner, 2010). OCLTT further predicts that AS is closely linked to
fitness-related performance traits such as growth and reproductive
success, implying that declines in AS may have negative fitness
consequences for aquatic ectotherms (Pörtner and Farrell, 2008;
Pörtner and Knust, 2007; Pörtner, 2010).Received 17 May 2017; Accepted 15 August 2017
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Finally, our study highlights the importance of acclimation when
experimentally predicting performance of ectotherms at high
temperatures. In the context of climate change, it is important to
distinguish short-term from long-term responses to understand how
persistent temperature increases may change, because phenotypic
plasticity acting over different exposure times has the capacity to
differently alter the position of the thermal optimum. Considering
the Topt of only acutely exposed or acclimated fish may cause
erroneous conclusions when developing predictions of the effects of
climate change (Schulte et al., 2011). It is therefore possible that the
advanced thermal compensation mechanisms achieved by Nile
perch could lead to resilience of Nile perch populations to warming
lake temperatures despite apparent declines in acclimated fish in AS
relative to acutely exposed fish.

Conclusions
Results from this study challenge assumptions about tropical species’
metabolic capabilities, and predictions from the OCLTT hypothesis
that higher temperatures will be detrimental owing to limitations in
AS. We found that Nile perch have a significant capacity to acclimate
to elevated water temperatures, and physiological adjustments made
over short time scales could pave the way for reducing the impacts of
global warming and improve the chances that Nile perch populations
will persist under predicted warming scenarios. This is a significant
finding considering the economic and food-security importance of
this species in East Africa; however, longer exposure times spanning
the lifetime of the organism, studies across life-history stages, and
investigations into trans-generational plasticity and genetic adaptation
would improve our predictions by elucidating long-term effects of
chronic thermal stress, which may have consequences for population
fitness and fishery sustainability.
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Figure	S1.	Maximum	(red),	average	(blue),	and	minimum	(green)	monthly	temperatures	at	near-

shore	locations	around	Entebbe	Bay,	Lake	Victoria,	Uganda,	taken	from	August	2010	to	December	

2015.	Data	were	compiled	by	E.	Nyboer	from	4	temperature-monitoring	projects	including	the	

Sonfish	Survey	Project	(NaFIRRI,	2013,	2015),	the	Lakewide	Survey	Project	(LVEMP,	2011,	2012	&	

2015),	the	ARDC	Survey	Project	(Kajjansi,	2014),	and	the	PhD	research	of	W.	Nkalubo	(NaFIRRI,	

2010).		
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Figure	S2.	Schematic	diagram	of	the	respirometry	laboratory	at	the	Aquaculture	Research	and	

Development	Center	in	Kajjansi,	Uganda.	
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Figure	S3.	Raw	oxygen	consumption	(MO2)	values	of	3	Nile	perch	plotted	against	hours	

since	transfer	(A)	and	hours	of	the	day	(B)	to	detect	diel	cycles	of	metabolic	activity	over	

48	hours.	In	panel	A,	T0	corresponds	to	the	time	the	fish	were	put	into	the	respirometers	

(~9am)	showing	that	there	are	no	major	changes	in	MO2	over	48	hours	in	SMR	after	the	

fish	have	settled.	In	panel	B,	T0	corresponds	to	midnight	and	data	are	averaged	across	

the	two	48-h	cycles	showing that there are no changes in MO2 at particular times of 

day.	
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Figure	S4.		Recovery	times	of	3	Nile	perch	after	experiencing	the	chase	protocol	(A)	and	

transfer	to	the	respirometer	without	chasing	(B).	Vertical	lines	represent	breakpoints	

after	which	the	change	in	slope	of	a	given	curve	is	no	longer	significant	as	determined	by	

Chow	tests.	These	breakpoints	were	compared	to	visual	estimates	of	recovery	time	to	

estimate	the	point	at	which	the	fish	can	be	said	to	have	reached	SMR	after	experiencing	

a	stressor.	
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Stressor	 Fish	ID	
Visual	
(min)	

Breakpoint	
(min)	

Difference	
between	
estimates	

Difference	
between	C	and	T	

(visual)	

Difference	
between	C	and	T	
(breakpoint)	

Chase	(C)	

	 	 	 	 	 	1	 200	 200	 0	 60	 70	
2	 240	 190	 50	 40	 50	
3	 200	 140	 40	 0	 20	

Mean	 213	 177	 30	 33	 46	

Transfer	(T)	

	 	 	 	 	 	1	 140	 130	 10	
	 	

2	 200	 140	 60	 	 	
3	 200	 160	 40	

	 	
Mean	 180	 143	 37	 		 		

	
Table	S1.	Time	(min)	for	fish	to	reach	standard	metabolic	rate	(SMR)	estimated	through	

visual	inspection	of	recovery	curves	and	through	statistical	analysis	of	breakpoints	after	

the	chase	protocol	(C)	and	after	transfer	(T)	without	chasing.	For	the	breakpoint	analysis,	

Chow	tests	were	used	to	determine	whether	the	coefficient	of	the	slope	before	and	after	

the	breakpoint	differ	from	one	another.	The	last	breakpoint	at	which	slopes	differ	was	

taken	as	the	point	at	which	the	fish	can	be	said	to	have	achieved	SMR.	These	were	

compared	to	points	selected	through	visual	assessment	of	raw	MO2	values.	Differences	

between	Chow	tests	and	visual	estimates,	and	differences	in	recovery	time	for	C	vs	T	were	

calculated.	
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