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Abstract

We tested whether thermal tolerance and aerobic performance differed between

two populations of Nile perch (Lates niloticus) originating from the same source popu-

lation six decades after their introduction into two lakes in the Lake Victoria basin in

East Africa. We used short-term acclimation of juvenile fish to a range of tempera-

tures from ambient to +6�C, and performed critical thermal maximum (CTmax) and

respirometry tests to measure upper thermal tolerance, resting and maximum meta-

bolic rates, and aerobic scope (AS). Across acclimation temperatures, Nile perch from

the cooler lake (Lake Nabugabo, Uganda) tended to have lower thermal tolerance

(i.e., CTmax) and lower aerobic performance (i.e., AS) than Nile perch from the warmer

waters of Lake Victoria (Bugonga region, Uganda). Effects of temperature acclimation

were more pronounced in the Lake Victoria population, with the Lake Nabugabo fish

showing less thermal plasticity in most metabolic traits. Our results suggest pheno-

typic divergence in thermal tolerance between these two introduced populations in a

direction consistent with an adaptive response to local thermal regimes.
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1 | INTRODUCTION

Environmental temperature is a key abiotic factor influencing the

distribution, behaviour and physiological function of aquatic ecto-

therms, such as teleost fishes (Fry, 1971). In general, it is accepted

that fish function optimally within the range of temperatures that

is frequently encountered in their natural habitat (Eliason et al.,

2011), and that shifts in ambient temperature outside of their ther-

mal window can have negative consequences for performance and

fitness of individuals and populations (Huey & Stevenson, 1979;

Kuczynski et al., 2017; Pörtner & Peck, 2010; Rijnsdorp et al.,

2009). Such shifts are likely to become increasingly frequent at the

upper edge of species' thermal tolerance limits because global tem-

peratures are rising and are predicted to continue upwards over the

next 50–100 years (Karl et al., 2015; Stocker et al., 2013). Fishes'

capacity to cope with climate change will depend on their ability to

escape high water temperatures through dispersal to thermally

favourable environments, or to adjust to novel conditions via

phenotypic plasticity and/or adaptive genetic change (Ficke

et al., 2007; Perry et al., 2005; Stillman, 2003). In general, freshwa-

ter fishes have limited dispersal capacity due to the land-locked

nature of their habitats (Woodward et al., 2010) and must respond

to temperature changes in situ. The capacity for phenotypic plastic-

ity and/or rapid genetic adaptation is therefore key for inland

fish populations faced with novel thermal regimes (Rosset &

Oertli, 2011; Stillman, 2003).

The degree to which fish can adjust their thermal window via

plasticity may be influenced, in part, by the thermal regime in the geo-

graphic location that they occupy. Fishes that inhabit variable thermal

environments are usually accustomed to wider temperature ranges
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and are predicted to show a higher degree of thermal plasticity than

those from thermo-stable environments (Tewksbury et al., 2008). The

potential for rapid phenotypic change in thermal tolerance might

therefore be lower in equatorial fishes than in species from higher lati-

tudes that experience greater seasonal variation in temperature

(Tewksbury et al., 2008), although recent meta-analyses have cast

doubt on this assumption (Comte & Olden, 2017; Seebacher

et al., 2015). The capacity for rapid change can be reflected in diver-

gence in thermal tolerance limits, optimal temperatures for perfor-

mance and acclimation capacity among geographically distinct

populations of a species from different thermal regimes (Fangue

et al., 2006, 2009; McKenzie et al., 2013). Evidence for intraspecific

divergence in temperature tolerance has been reported for several

temperate fish species with populations spread across large geograph-

ical ranges (Anttila et al., 2013; Bruneaux et al., 2014; Chen

et al., 2013; Eliason et al., 2011; Fangue et al., 2006, 2009; Stitt

et al., 2014); however, clear evidence for these patterns among

populations of tropical fish species is scarce (but see Donelson &

Munday, 2012). Although several studies have shown that metabolic

and thermal tolerance responses to short-term exposure to elevated

temperatures vary greatly among tropical species (Chrétien &

Chapman, 2016b; Donelson et al., 2011; Donelson & Munday, 2012;

McDonnell & Chapman, 2016; Nilsson et al., 2009; Norin et al., 2014;

Nyboer & Chapman, 2017, 2018), far less is understood about

responses over timescales encompassing several generations

(Conover et al., 2009). With the increasing threat of global warming,

understanding the capacity for tropical freshwater fish to cope with

both short-term and persistent temperature change is crucial, espe-

cially given the economic and food security significance of many tropi-

cal fisheries (FAO, 2014). Introduced fishes that establish in habitats

with different thermal regimes provide an excellent opportunity to

explore the capacity for fish to alter their thermal tolerance and aero-

bic performance over ecological time scales. Here we used introduced

populations of Nile perch (Lates niloticus, Linneaus, 1758), a freshwa-

ter fish of commercial importance in the Lake Victoria basin of East

Africa, to test for rapid phenotypic change in thermal tolerance and

metabolic performance.

Measurements of metabolic rate are key in evaluating whole-

organism performance because they provide information about the

pace at which physiological functions (e.g., energy consumption,

growth, maturation rate) occur within the animal (Brown et al., 2004;

Sibly et al., 2012). Standard and maximum metabolic rates (SMR and

MMR) are key parameters often measured in this context. SMR repre-

sents the lower limit of oxygen uptake when a fish is completely at

rest and MMR represents the upper limits of oxygen uptake when a

fish is fully exhausted (Fry, 1971). SMR can be subtracted from MMR

to calculate absolute aerobic scope (from here on referred to as aero-

bic scope, or AS), which represents the total aerobic energy available

to an organism to perform activities above base survival (Guderley &

Pörtner, 2010). Resting metabolic rate (RMR) is another low-end met-

abolic measure differentiated from SMR in that it may include small

amounts of energy expended during bouts of spontaneous activity

(Burton et al. 2011). RMR can be used as a proxy for SMR so that AS

can be estimated when full rest cannot be achieved. AS has been pro-

posed as a useful currency for fish performance (Claireaux &

Lefrançois, 2007) as it is thought to be a key mechanism determining

energy allocation and biogeography in ectotherms (Clark et al., 2013;

Pörtner, 2010; Pörtner & Farrell, 2008).

Upper thermal tolerance is another important physiological trait

that defines the upper limit of a species' thermal niche. A species'

upper thermal tolerance limit is often estimated through measure-

ments of critical thermal maximum (CTmax) determined as the temper-

ature at which a fish loses equilibrium during a continuous and rapid

temperature increase (Beitinger et al., 2000). CTmax is hypothesized to

be linked to oxygen supply capacity (and therefore AS) through reduc-

tions in the ability of the cardiorespiratory system to deliver oxygen

to respiring tissues at elevated temperatures (Farrell et al., 2009;

Pörtner, 2010). However, there is currently debate as to the ubiquity

of this linkage, as several studies have demonstrated that oxygen

transport is not necessarily the mechanism underlying reductions in

thermal tolerance limits (Brijs et al., 2015; Ern et al., 2016). Measures

of thermal tolerance limits can indicate relative temperature tolerance

among individuals, populations and species, and provide estimates of

the thermal flexibility of ectothermic organisms in response to tem-

perature variation.

In fish, SMR generally increases with water temperature

(Fry, 1971), whereas MMR is expected to initially increase as water

temperatures rise, plateau at the animal's optimal temperature for bio-

logical functioning and then decline at the highest temperatures (i.e.,

approaching CTmax). These different patterns of SMR and MMR with

increasing water temperature ultimately lead to predicted drops in AS

at higher temperatures. However, numerous studies have docu-

mented that these patterns are not consistent among species (summa-

rized in Jutfelt et al., 2018) and can change with exposure to elevated

temperatures. The degree to which metabolic rates in fishes can be

modulated depends on their thermal plasticity (i.e., capacity for physi-

ological adjustment to elevated water temperature), thermal flexibility

(i.e., the magnitude of the change between two acclimation tempera-

tures; Kinsolver & Huey, 1998; Levins, 1969), exposure time (i.e.,

short-term (days) vs. long-term (months) acclimations) and other eco-

logical interactions (Donelson et al., 2011; Donelson & Munday, 2012;

Healy & Schulte, 2012b; Nyboer & Chapman, 2017). Upper thermal

limits are also generally highly labile and can be pushed higher with

acclimation to higher temperatures (Beitinger et al., 2000). Fishes'

metabolic rates and upper thermal limits, and their capacities for phys-

iological adjustment of these traits, are therefore likely to vary among

populations that experience different thermal regimes in their natural

habitats.

In this study, we investigated whether the upper thermal toler-

ance and AS of two populations of Nile perch are consistent with dif-

ferences in local thermal regimes. Both populations under

investigation originate from the same source population in Lake Albert

(Uganda) and were introduced to two lakes with differing thermal

regimes (Lake Victoria and Lake Nabugabo) about six decades ago

(further explained below). Thus, Nile perch in both lakes are likely to

share similar genetic background and have had the same timescale for
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adjusting to local conditions. We first performed a detailed compari-

son of thermal regimes of both lakes. We then measured CTmax and

AS of Nile perch from both populations after short-term (minimum of

3 days) acclimation to a range of elevated temperatures encompassing

their current average maximum temperatures and potential future

thermal conditions. We hypothesized that CTmax would increase with

acclimation temperature at a similar rate for both populations. We

also expected that AS would decrease at the highest experimental

temperatures, but that the drops in AS would occur at different tem-

peratures for fish from the two lakes, with respect to their thermal

regime. Measuring outcomes across acclimation temperatures allows

us to compare thermal performance and the capacity for plastic

responses between lakes, and to assess this species' potential for

rapid phenotypic change under divergent temperature conditions.

1.1 | Study system and species

The Lake Victoria basin (LVB) is a large region in East Africa composed

of a complex network of lake and river systems, many of which are

host to economically important inland fisheries. Nile perch were intro-

duced to lakes Kyoga, Victoria and Nabugabo in the 1950s and 1960s

with the main goal of boosting overexploited and declining native fish-

eries (Pringle, 2005). In Lake Victoria, rapid increases in Nile perch

populations in the 1980s fuelled a highly productive and economically

important fishery for the region, which peaked in the 1990s (Balirwa

et al., 2003). More recently, however, intense fishing and other

changes in the lake basin have led to an apparent reduction in Nile

perch biomass in some regions (Balirwa et al., 2003; Hecky

et al., 2010; Matsuishi et al., 2006) and alterations to life-history traits

(e.g., reduced body size) have also been documented in fish from both

lakes (Paterson & Chapman, 2009; Yongo et al., 2018). Other ecologi-

cal changes in the lake basin may also affect the future of the Nile

perch fishery, including climate change. Water temperature increases

of 0.2–1.5�C have been detected in Lake Victoria since 1900

(Marshall et al., 2013; Sitoki et al., 2010) and further air temperature

increases of 1.3–4.5�C are expected by the end of the 21st century

(Niang et al., 2014). Unpredictable rainfall and wind patterns, and

increased occurrence of extreme weather events are also predicted

for the region (Niang et al., 2014; Ogutu-Ohwayo et al., 2016) and are

likely to lead to increased variability and rapid shifts in water tempera-

tures. There is growing concern regarding effects of warmer waters

on Nile perch because of its low tolerance to associated stressors (e.

g., hypoxia; Schofield & Chapman 2000; Chapman et al. 2002) and

because temperature is an important determinant of habitat selection

and distribution in Lake Nabugabo (Nyboer & Chapman, 2013a) and

Lake Victoria (Cornelissen et al., 2015).

The Lake Victoria and Lake Nabugabo Nile perch populations

were selected for this study for three reasons. First, similar numbers

of Nile perch were introduced to both lakes from the same source

population (Lake Albert, Uganda) around six decades ago. Records

indicate that Nile perch were introduced to lakes Victoria and

Nabugabo in the early 1960s, although an earlier introduction in the

mid-1950s of a few fish in Lake Victoria cannot be ruled out

(Pringle, 2005). In Lake Victoria, the introductions were made in dif-

ferent locations (Pringle, 2005), but they were estimated at 339 from

Lake Albert and eight from Lake Turkana (Hauser et al., 1998;

Pringle, 2005). In Lake Nabugabo, the number of introduced Nile

perch was estimated at 295 (Hauser et al., 1998). Genetic evidence

strongly suggests that Nile perch in both lakes are Lates niloticus from

Lake Albert, and that Turkana fish did not establish in Lake Victoria

(Hauser et al., 1998). Thus, Nile perch in both lakes are likely to have

similar ‘raw material’ (i.e., timeframe,-an estimated 21 generations,

genetic background, initial population size) for adjusting to local condi-

tions. Our second reason for selecting lakes Nabugabo and Victoria

(specifically, the Bugonga region of Lake Victoria near Entebbe,

Uganda) was a reported difference in water temperatures between

these two locations (Chrétien & Chapman, 2016a; Nyboer &

Chapman, 2017). We explore this more fully below. Third, Nile perch

in Lake Nabugabo have shown the ability to respond phenotypically

to environmental variability. Changes in body size over time

(Paterson & Chapman, 2009) and habitat-related differences in gill

morphology (Paterson et al., 2010), body colour and body shape

(Nyboer et al., 2014; Nyboer & Chapman, 2013b) have all been docu-

mented. This indicates potential for rapid plastic and/or genetic alter-

ations in this species. In addition, the capacity for acclimation in

aerobic performance and thermal tolerance has been demonstrated

for Nile perch from both lakes (Chrétien & Chapman, 2016b; Nyboer &

Chapman, 2017, 2018).

2 | MATERIALS AND METHODS

2.1 | Location

Nile perch for this study were collected from Lake Victoria (Bugonga

region, near Entebbe, Uganda) and Lake Nabugabo (Figure 1). Lake

Victoria has the largest surface area of any tropical lake (68,000 km2)

but is relatively shallow, with a mean depth of 40 m. Most of Lake

Victoria's shoreline is edged by dense papyrus swamp and although

this used to be the case for the Bugonga region, population growth

and development have led to conversion of wetland habitats to farm-

land, urban or industrial sites, increasing inputs of nutrients and pollut-

ants to the lake (Turyahabwe et al., 2013). Lake Nabugabo was

formerly a bay of Lake Victoria, but it became isolated from the main

lake approximately 5000 years ago and is now separated by 4 km of

dense wetland (Stager et al., 2005). It is smaller and shallower than

Lake Victoria, with a surface area of 33 km2 and a mean depth of

3.13 m (Nyboer & Chapman, 2013a). Dense wetlands surround most

of the lake, except for its west side, which is bordered by forest and

fishing villages. Lake Albert, the source lake for both populations, is

situated north-west of Lakes Victoria and Nabugabo along the

Uganda–D.R. Congo borders (Figure 1). Lake Albert has a surface area

of 5300 km2 and an average depth of 25 m (Balirwa et al., 2010). All

three lakes have temperatures at the warm end of the spectrum for

Nile perch, providing an important context for examining the effects
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of elevated temperatures. This research was conducted under McGill

University's Animal Care Protocol AUP 5029 and with the approval of

the Uganda National Council for Science and Technology.

2.2 | Temperature comparison among lakes

Temperature analyses of the Bugonga region in Lake Victoria and

Lake Nabugabo were conducted to formally quantify differences in

water temperature between lakes using a broader suite of tempera-

ture data sources than in previous studies. These data were compiled

to provide a comprehensive temperature–time series covering

2009–2015. Not all months had data available: there were gaps in

Bugonga data for some months from 2012 to 2013, and gaps in Lake

Nabugabo data in 2012 and 2015 (Supporting Information Table S1A,

B and Figure S1). In total, we had 26 months of temperature data

from Bugonga and 39 months from Lake Nabugabo (Supporting Infor-

mation Table S1A,B and Figure S1). For some months, data comprised

measures taken every 0.5 m down the water column, and some

months only had measures of top (maximum), bottom (minimum) and

water column average (WCA) temperatures. To make all months com-

parable, detailed water column data were collapsed into these three

categories. We subtracted minimum from maximum temperatures

within samples to create a new variable, called water column differ-

ence (WCD), which represents the total variation in temperature

within the water column. Independent t-tests were used to compare

means of maximum, minimum, WCA and WCD among lakes. Finally,

for cases where we had temperature data for the same month/year

combination from both lakes (n = 15 months), we used paired t-tests

to compare average differences in maximum, minimum and WCA tem-

peratures among lakes within a given month. Lake temperature data

from Lake Albert were also sought, but were scarce.

2.3 | Fish collection and acclimation procedure

Juvenile Nile perch (6.2–22.2 cm total length, <1 year old; Nkalubo

et al., 2012) from both lakes were live-captured at dusk or dawn

between June and August 2014 by beach seines and transported in

lake water to laboratories near each lake: the Kajjansi Aquaculture

Research and Development Center (ARDC) near Lake Victoria and the

Lake Nabugabo research site (NRS). In both laboratories, fish were

acclimated for a minimum of 3 days to a range of predetermined tem-

peratures representing current temperatures in their lake of origin and

temperatures predicted to be experienced under climate change (dis-

cussed in detail below). Water quality measures were taken daily

including temperature, dissolved oxygen (DO), and ammonia/nitrate/

nitrite concentrations. In Lake Victoria, Nile perch were caught off

Bugonga from wetland ecotone on the north-western edge of the lake

(Figure 1). In Lake Nabugabo, fish were captured from two locations

representing the major habitat types within the lake: wetland ecotone

(low dissolved oxygen) and forest habitat. Although fish from the two

lakes were treated similarly during their acclimation period, there

were some differences in the collection methods and acclimation facil-

ities at each location (see Supporting Information Table S2).

Lake Victoria fish were captured in one batch and transported to

the ARDC where they were released into a large (6 × 10 × 1 m) out-

door concrete tank supplied with fresh river water, about 50 m from

the indoor laboratory. Nile perch were held in these tanks for

~1 month until the start of acclimation trials. This holding period was

necessary to avoid the use of Nile perch injured during the 1 h lake-

to-laboratory transportation (an unnecessary precaution at Lake

Nabugabo where the facilities are directly adjacent to the lake). The

average water temperature in the concrete tank was 25.1 ± 2.7�C,

~1�C cooler than average water temperature recorded in Bugonga

(26.4 ± 1.0�C). Although it is possible that this holding period could

affect metabolic performance, t-tests comparing SMR, MMR and AS

of fish held in concrete tanks to those never held in concrete tanks

revealed no differences among groups (SMR: tdf = 0.2811, P = 0.79;

MMR: tdf = 0.178, P = 0.13; AS: tdf = 0.188, P = 0.21). After 1 month,

subsets of Nile perch were transferred to the ARDC laboratory, ran-

domly distributed among three holding systems filled with well water

and left for 24 h to recover from the transfer. After the 24 h recovery

period, water temperatures were gradually increased with aquarium

heaters to generate acclimation temperatures; the rate of increase

varied with the target temperature. For fish from each lake, acclima-

tion treatments started at the water column average temperature and

increased at 2�C increments to represent temperatures that may be

seen under climate change based on predictions from IPCC (2014).

For Lake Victoria fish, the acclimation temperatures were 27�C (T),

29�C (T + 2), 31�C (T + 4) and 33�C (T + 6). Water quality measure-

ments (temperature, dissolved oxygen, ammonia, nitrite) were

F IGURE 1 Map indicating the locations of Lake Nabugabo and
the Bugonga region of Lake Victoria (study lakes, indicated by red
squares) and Lake Albert (the source lake for the introduced Nile
perch populations)
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measured twice per day (morning and late afternoon) for the duration

of the experiment. Acclimation temperatures were maintained within

±0.5�C of the target temperature. Fish were transported to the labo-

ratory in a staggered fashion to ensure that fish were held at the accli-

mation temperatures for 3 days. Fish were fed daily on tilapia fry

during the acclimation period, but were starved for 48 h prior to

experiments to ensure a post-absorptive state and prevent bias in

measurements. For Lake Victoria, the final dataset for CTmax analysis

included 34 Nile perch and for metabolic rate analysis included 44 Nile

perch (Table 1). Sample sizes of each temperature treatment are given

in Supporting Information Table S3.

In Lake Nabugabo, two to four fish were captured on each sam-

pling day and transported directly to the NRS acclimation laboratory

(10 min transport from lake to laboratory) where they were placed in

one of five holding tanks (three 75 l and two 109 l tanks) filled with

lake water. Fish were allowed 24 h to recover from capture before

acclimation to a target temperature. After the recovery period, water

temperature was gradually increased with aquarium heaters to one of

four acclimation temperature treatments. For Lake Nabugabo fish, the

acclimation temperatures were 25.5�C (T), 27.5�C (T + 2), 29.5�C

(T + 4) and 31.5�C (T + 6). Fish were held at these temperatures for a

minimum of 3 days and a maximum of 13 days (metabolic rates: aver-

age of 4.9 ± 0.57 days, CTmax: average of 4.3 ± 0.52 days). Acclima-

tion time was added to models in case it contributed to the variation

in the response variable, but it was removed in final models because

its effect and interaction with other effects were nonsignificant. Fish

were fed daily on aquatic macroinvertebrates during the acclimation

period and were starved for 24 h prior to experiments to ensure a

post-absorptive state and prevent bias in measurements. For Lake

Nabugabo fish, the final dataset for metabolic rate and CTmax analysis

each included 34 Nile perch (Table 1). Sample sizes of each tempera-

ture treatment are given in Supporting Information Table S3.

2.4 | CTmax protocol

The upper thermal tolerance limits (measured as CTmax) of Nile perch

were quantified following a methodology adapted from Chen

et al. (2013) and Fangue et al. (2006). Fish were transferred into an

experimental tank from their acclimation tanks and were given a mini-

mum of 2 h at their acclimation temperature to recover from the

stress of transfer. Water temperatures in the experimental tanks were

then raised at a constant rate (0.3�C min−1), low enough to allow the

fish's body temperature to adjust, but rapid enough to prevent accli-

mation during the trial (Beitinger et al., 2000; see Chrétien &

Chapman, 2016a and Nyboer & Chapman, 2017 for details). Dissolved

oxygen (DO) was kept near 100% air saturation in the experimental

tanks. CTmax was defined as the temperature at which fish lost equilib-

rium for more than 10 s. When fish reached this point they were

removed from the experimental tank and placed in a holding tank of

aerated water for recovery. All fish were able to fully recover from

CTmax trials with no discernible lasting harm to the fish. Due to slight

difference in CTmax test arenas between the two research stations,

Lake Nabugabo fish were challenged individually, whereas Lake Victo-

ria fish were tested four or five individuals at a time (Supporting

Information Table S2). Sample sizes from each treatment group for

the CTmax trials averaged 10 (Supporting Information Table S3).

2.5 | Respirometry protocol

Oxygen consumption (Mo2) was measured using automated

intermittent-flow respirometry. Experimental set-ups in both laborato-

ries (ARDC and NRS) consisted of polypropylene respirometers sub-

merged in temperature-controlled water baths. Respirometers were

each fitted with a closed circulation loop and a flush loop. The closed

loop contained a highly sensitive oxygen sensor that measured oxy-

gen levels within the respirometer every 2 s for the duration of the tri-

als. The flush loop was connected to a pump that was used to refresh

the water inside the respirometers when oxygen was depleted so that

DO levels within respirometers were maintained above 80% satura-

tion at all times. When flush pumps were switched off, the entire sys-

tem was sealed from external water, and changes in DO

concentration due to fish respiration were measured to generate esti-

mates of maximum and minimum metabolic rate. All respirometers

were fitted with a recirculation pump that operated throughout the

trial to ensure complete mixing of the water for accurate oxygen read-

ings (Rodgers et al., 2016). MMR was measured immediately after

challenging each fish to an exhaustive 3 min chase protocol followed

by air exposure (Roche et al., 2013). SMR is typically estimated as the

lowest rate reached over a full diel cycle (Clark et al., 2013); however,

due to difficult field logistics at the NRS (lack of continuous power)

RMR was measured for Nile perch as a proxy for SMR. While this limi-

tation may result in a slight underestimation of AS, we use it here as a

proxy for the true AS (Chrétien & Chapman, 2016b). Background oxy-

gen consumption was quantified for a minimum of 20 min before and

after each trial, and these values were subtracted from each Mo2

measure assuming a linear regression between initial and final back-

ground measures (Clarke et al., 2013; Lapointe et al., 2018; Roche

et al., 2013). Background oxygen consumption was 4.6% RMR and

1.6% MMR on average in Lake Victoria fish trials, and 10.8% RMR

TABLE 1 Sample size (n) and body size [total length (TL) and
body mass (Mb)] of Nile perch from Lake Victoria and Lake Nabugabo
included in each experiment (CTmax and metabolic responses, RMR,
MMR and AS)

Experiment Lake n TL (cm) Mb (g)

CTmax Nabugabo 34 12.1 ± 0.8

(6.5–22.2)
26.7 ± 4.9

(2.6–113.2)

Victoria 34 13.5 ± 0.3

(7.8–13.5)
24.3 ± 4.5

(4.5–24.3)

Metabolic response Nabugabo 34 13.0 ± 0.7

(6.2–19.4)
24.8 ± 2.8

(2.4–53.7)

Victoria 44 13.1 ± 0.3

(7.7–16.3)
24.0 ± 1.4

(4.6–42.8)

Note. Values are mean ± S.E. Total ranges (min.–max.) are in italics.
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and 5.9% MMR in Lake Nabugabo fish trials. The higher proportions

of background consumption in Lake Nabugabo fish are probably due

to the use of lake water for trials, which may have more intense bio-

logical activity than ARDC well water.

There were differences among laboratories in the respirometry

systems used (Pyroscience's Firesting® vs. Loligo Systems' Witrox)

and methodological protocols, which are described in the following

paragraphs and outlined in Supporting Information Table S2 (see

Chrétien & Chapman 2016b and Nyboer & Chapman 2017 for full

description of respirometry equipment and protocols). A repeated

measures experiment was conducted to ensure comparability of data

obtained using these different protocols and this is described in Sec-

tion 2.7. For the Lake Victoria trials, each experiment consisted of an

MMR trial (chasing first) followed by a minimum 9 h recovery period

to allow Nile perch to level off at their lowest metabolic rate. This

lowest metabolic rate was used to calculate the SMR following tech-

niques validated by Nyboer & Chapman (2017). In the respirometers,

automated flush pumps were set to cycle through a 5 min flush

followed by a 5 min closed portion. To get estimates of metabolic rate,

oxygen levels were measured with Firesting fibre optic cables con-

nected to oxygen sensor spots (PyroScience Sensor Technology, Bre-

men, Germany). Four independent systems were submerged in a 300 l

water bath filled with fresh well water. This allowed four fish to be

tested simultaneously. Respirometer volumes ranged from 1.57 to

2.80 l depending on fish size, producing an average fish mass:respi-

rometer volume ratio of 1:103.

For the Lake Nabugabo trials, each experiment consisted of an

RMR trial followed by an MMR trial. Fish were placed in their respi-

rometry chamber and immediately subjected to 15 min flush and

10 min closed loop periods. They were given 2 h to acclimate to these

experimental conditions, and then held for another 2 h during which

metabolic measurements were taken to estimate RMR. Switches

between flush and closed periods were controlled manually. Fish were

then removed from the chamber and subjected to a 3 min chase pro-

tocol and 1 min air exposure. They were then immediately

reintroduced into the chamber for the MMR measurement. Oxygen

levels were detected with a Loligo Witrox 1 oxygen meter for mini

sensors and WitroxView software (Loligo Systems, Tjele, Denmark).

Two independent respirometry systems were submerged in a 46 l

cooler filled with lake water heated to the desired experimental tem-

perature. This allowed two fish to be tested simultaneously. Respi-

rometer volumes ranged from 0.48 to 3.42 l depending on fish size,

producing an average fish mass:respirometer volume ratio of 1:77.

2.6 | Metabolic trait calculations

Metabolic rates were calculated from the slope of the linear regres-

sion between oxygen concentration and time (s) during the closed-

loop measurement periods. These calculations excluded the first

minute after closing the flush pump and the minute before re-opening

it (minimum of 3 min per closed loop). Oxygen concentration mea-

surements (DO, mg l−1) were converted to metabolic rate (oxygen

consumption rate, Mo2, mg min−1) after correcting for volume of

water in the closed system and volume of the fish (assuming a density

of 1 kg l−1). Fish Mo2 measures were adjusted to account for back-

ground oxygen consumption by assuming a linear change between

the two ‘empty-run’ measures taken at the start and end of each trial,

and subtracting background Mo2 from fish Mo2. These are standard

procedures for metabolic rate calculation following Clark et al. 2013)

and Roche et al. (2013), and are described in detail in Chrétien &

Chapman (2016b).

2.6.1 | Calculation of RMR

Estimates of the minimum metabolic rates for the Lake Victoria popu-

lation were referred to as SMR in Nyboer & Chapman (2017). How-

ever, rates calculated for the Lake Nabugabo population (Chrétien &

Chapman 2016b) were RMR as they comprised only two measure-

ments and cannot reliably be considered estimates of SMR. For sim-

plicity, estimates of minimum metabolism for both lakes will therefore

be referred to as RMR in this manuscript. Because protocols to obtain

RMR measurements differed between the two lakes (chase-first in

Lake Victoria, transfer-without-chasing in Lake Nabugabo), we referred

to recovery time tests conducted by Nyboer & Chapman (2017) to

determine how to calculate RMR to ensure maximum comparability

among studies. In these tests, recovery times of three fish were com-

pared after a chase-first and after a transfer-without-chasing protocol.

Each fish was subjected to each treatment sequentially and metabolic

rates were measured for 24 h after entry into the respirometer. Mo2

was plotted against time and analysed to identify the point at which

Mo2 leveled off at its minimum consumption rate. Recovery times

were compared between the two stressors (chase-first vs. transfer-

without-chasing) within each fish. Mo2 measurements decreased rap-

idly post transfer and post chase, and levelled off after ~140 and

~180 min, respectively. The recovery times of Nile perch were on

average 45 min longer after chasing. Details of these tests can be

found in Supporting Information Table S4 and Figure S2 (reprinted

with permission from Nyboer & Chapman, 2017).

Based on these tests, we determined that a 9 h respirometry trial

would be sufficient to obtain sequential measurements of MMR and

RMR for Lake Victoria fish. RMR for Lake Victoria fish was therefore

calculated as the average of the lowest 10% of all Mo2 measurements

after complete recovery from exhaustive exercise. Outliers ±2S.D.

from the mean of the lowest 10% were excluded from the calculation

(Clark et al., 2013) resulting in an average of three Mo2 measurements

(range 2–6) available for calculating RMR for each fish. Lake

Nabugabo fish were observed to recover 90 min post transfer

(Chrétien & Chapman, 2016b), which is shorter than the 140 min

observed in the recovery tests described above. To be conservative

and ensure comparability of RMR measurements between Lake Victo-

ria and Lake Nabugabo fish, we recalculated RMR of the Lake

Nabugabo fish by using only Mo2 measurements that were taken after

140 min, resulting in two Mo2 measurements available for calculating

RMR for these fish. Repeated measures tests (described in Section 2.7)
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confirm that RMR using different measurement and calculation tech-

niques can be compared.

2.6.2 | Calculation of MMR and AS

MMR was estimated as the single highest rate of oxygen consumption

recorded over 3 min on any closed-loop period, and it generally cor-

responded to the first measurement after the chase protocol. Abso-

lute AS was calculated as the difference between MMR and RMR

(Clark et al., 2013).

2.7 | Repeated measures experiment to validate
data comparison

To test comparability of data from two different systems and experi-

mental protocols, a repeated-measures test was conducted in which

RMR, MMR and AS were measured for eight Nile perch in each sys-

tem following the exact protocols and calculations described above.

For this experiment, eight Nile perch were captured from the outdoor

concrete tank at the ARDC (Kajjansi), brought into the laboratory and

held for 3 days at a constant temperature of 26�C. Fish were then

split into two groups of four and each group was assigned a first treat-

ment of either ‘Loligo system/Nabugabo protocol’ or ‘Firesting sys-

tem/Victoria protocol.’ After a 24 h laboratory acclimation, all fish

were fed one tilapia fry per day and then fasted for 24 h (Nabugabo

protocol) or 48 h (Victoria protocol) to ensure a post-absorptive state.

After their first treatment, fish were removed from respirometers and

placed back into their holding tanks, where they remained for another

3 days to recover before undergoing a second trial with the opposite

system/protocol.

Exploratory analyses of the repeated measures results revealed

that all Nile perch had significantly lower RMR and MMR during their

second trial, irrespective of system or protocol. These lower metabolic

rates may be due to having experienced one trial previously or to

acclimation responses after being held in the laboratory for longer

periods. To control for the effect of trial number (first or second trial),

we organized our metabolic rate data by trial number and generated

regression residuals from the linear Mo2 by body mass relationship

within each trial number, thus isolating the effect of system/protocol

on metabolic rate (see Supporting Information Figure S3 as an exam-

ple). Linear (as opposed to log–log) relationships were used in this cir-

cumstance because allometric effects of body size on metabolic rate

were not detected due to the narrow range of body sizes of fish used

in this experiment (total length range 13.8–16 cm). Repeated mea-

sures ANOVA was then conducted to detect differences in the resid-

uals of RMR, MMR and AS (rRMR, rMMR and rAS) with system/

protocol as the within-subjects effect and treatment order (Loligo first

vs. Firesting first) as a between-subjects effect. There were no differ-

ences within fish among system/protocol combination in rRMR,

rMMR or rAS (Table 2). We therefore conclude that the use of two

different systems and experimental protocols are unlikely to have

affected the findings presented in this study.

2.8 | Statistical analyses

All analyses were conducted using R version 3.3.3 (R Foundation for

Statistical Computing, 2017).

2.8.1 | Critical thermal maximum

To determine the effect of acclimation temperature and population

on CTmax, one-way ANOVA was used to compare CTmax across accli-

mation temperatures for each population and independent t-tests

(with Holm corrections for multiple testing) were computed to deter-

mine differences between populations where acclimation tempera-

tures fell within 0.5�C of each other (i.e., 27/27.5 and 29/29.5).

Percentage differences were calculated to compare CTmax between

any two temperatures by dividing the values from the higher tempera-

ture by values from the lower temperature and subtracting 1 (×100).

Slopes of the linear relationship between acclimation temperatures

and CTmax were also calculated for qualitative comparison.

2.8.2 | Metabolic traits

Mass-adjusted metabolic rates (mgO2 min−1 kg−1) were calculated fol-

lowing the equation described by Steffensen et al. (1994) and

Ultsch (1995), using different pooled slopes for each lake to account

for the different body mass × Mo2 relationships in each lake. We used

mass-adjusted instead of mass-specific values because there were

allometric effects in the body mass × Mo2 relationships.

Effects of acclimation temperature on metabolic parameters

(RMR, MMR, and AS) on each population were tested using one-

way ANOVA, and independent t-tests (with Holm corrections

TABLE 2 Results of repeated
measures ANOVA on residual RMR,
MMR and AS (rRMR, rMMR, rAS) among
respirometry systems (Loligo vs.
Firesting) with treatment order (Loligo
first vs. Firesting first) as a between
subjects factor

rRMR rMMR rAS

Within subjects F(1,6) P value F(1,6) P value F(1,6) P value

System 0.349 0.553 2.976 0.135 3.978 0.093

System treatment order 0 1 0 1 0 1

Between subjects

TO 0.319 0.593 0.462 0.522 0.085 0.78
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for multiple testing) were used to perform comparisons of met-

abolic trait values when acclimation temperatures fell within

0.5�C of each other (i.e., 27/27.5, 29/29.5 and 31/31.5�C). In

addition, Q10 corrections were applied to the metabolic rates of

Lake Victoria fish to estimate their Mo2 at temperatures 0.5�C

higher than their test temperature. This procedure accounted

for the 0.5�C difference in acclimation temperature treatments

so that responses of the two populations could be directly com-

pared at the same temperature levels. Q10 coefficients, rep-

resenting the sensitivity of an organism to temperature

fluctuations, are a measurement of the change in metabolic rate

over a 10�C range. Q10 coefficients were calculated from mass-

adjusted RMR and MMR mean values for the Nile perch from

Lake Victoria using the VantHoff formula in McNab (2002). Cor-

rection values of 2.24 and 2.71 were applied to RMR and MMR,

respectively, to create Q10-adjusted metabolic rates (MRQ10).

We performed the same statistical tests described above on the

Q10-corrected data.

3 | RESULTS

3.1 | Temperature comparison among lakes

Overall, water temperature in the Bugonga region of Lake Victoria

(average maximum temperature = 27.2�C, temperature range =

24.1–30.5�C) was significantly warmer than Lake Nabugabo (average

maximum temperature = 25.6�C, temperature range = 22.2–28.6 �C)

by an average of 1.4�C (Table 3 and Supporting Information Figures S1

and S4). Lake Victoria also exhibited a wider range of temperatures,

with a greater difference between the maximum and minimum tem-

peratures within a water column (1.38�C difference) compared to

Lake Nabugabo (0.96�C difference; Table 3 and Supporting

Information Figure S4). Paired t-tests comparing lake temperatures

within months confirm these trends (Table 3). Comprehensive water

temperature data for Lake Albert were not available, but one study

(unpublished) reported water temperatures to range from 26 to 29�C

(Balirwa et al., 2010).

3.2 | Critical thermal maximum

The average CTmax for Lake Victoria Nile perch ranged from 38.6�C at

27�C acclimation temperature to 40.6�C at 33�C, and for Lake

Nabugabo Nile perch CTmax ranged from 37.9�C at 25.5�C acclimation

temperature to 39.1�C at 29.5�C. There was a significant effect of

acclimation temperature on CTmax for both the Victoria (F3,

32 = 39.24, P < 0.001) and Nabugabo (F2,31 = 10.48, P < 0.001)

populations (Figure 2). CTmax of fish from Lake Nabugabo increased

by 2.0% between 25.5 and 27.5�C, and by 1.2% between 27.5 and

29.5�C. CTmax of fish from Lake Victoria increased by 2.8% between

27 and 29�C, by 1.4% between 29 and 31�C, and by 0.8% between

31 and 33�C. CTmax appears to diverge at 29/29.5�C, with the Lake

Victoria population having a higher CTmax at this acclimation tempera-

ture (t = 2.425, P = 0.027), despite there being no difference among

populations at 27/27.5�C (t = −0.235, P = 0.817; Figure 2).

TABLE 3 Descriptive statistics
(mean ± S.E.) and results of independent
t-tests comparing maximum, minimum
and WCA temperatures, and WCD
(top–bottom) between the Bugonga
region of Lake Victoria and Lake
Nabugabo, and descriptive statistics
(mean ± S.E.) and results from paired t-

tests comparing mean differences within
months in maximum, minimum and WCA
temperatures between Lake Victoria and
Lake Nabugabo

Victoria Nabugabo t-test results

Test Variable (�C) Mean S.E. Mean S.E. t d.f. P value

Independent t-test Maximum T 27.20 0.216 25.60 0.221 5.229 63 <0.001

Minimum T 25.80 0.192 24.60 0.136 5.324 63 <0.001

WCA T 26.40 0.197 25.00 0.159 5.393 63 <0.001

WCD 1.38 0.187 0.96 0.140 2.676 58 0.01

Paired t-test Maximum T 27.12 0.328 25.77 0.422 5.827 14 <0.001

Minimum T 25.89 0.269 24.51 0.270 5.739 14 <0.001

WCA T 26.38 0.303 25.09 0.336 6.513 14 <0.001

Note. For the independent t-test, all data collected from both lakes were used to compare means, whereas for the paired t-tests only data where tempera-

ture was measured in the same month and the same year were used (see Supporting Information Tables S1A,B). WCA, water column average; WCD, water

column difference.

F IGURE 2 Effect of acclimation temperature and population on
CTmax for Nile perch from Lake Nabugabo and the Bugonga region of
Lake Victoria. Letters indicate differences within a lake among
acclimation temperatures (ANOVA) and stars indicate differences
between lakes within acclimation temperatures (t-tests with Holm
correction) using α < 0.05. Error bars represent standard error of the
estimated marginal mean. ( ) Lake Nabugabo, ( ) Lake Victoria

8 NYBOER ET AL.FISH



3.3 | Metabolic responses

Patterns of divergence in metabolic responses were similar regardless

of whether analyses were performed on the raw data or the Q10-

corrected data. Here we present the raw results (Figure 3) and com-

pare with Q10-corrected results in Table 4 and Supporting

Information Figure S5. Nile perch from Lake Victoria had generally

higher rates of oxygen consumption than those from Lake Nabugabo,

but RMR showed a different pattern to MMR and AS. The RMR of

Nile perch from Lake Victoria was higher than that of Lake Nabugabo

fish at 31/31.5�C (Figure 3a), but not at the lower two temperatures.

RMR increased with acclimation temperature for both populations

(Figure 3a and Table 4). The Lake Nabugabo population showed a

32.6% (1.12 mg min−1 kg−1) increase in RMR across acclimation tem-

peratures, whereas the Lake Victoria population showed an 18.9%

(0.85 mg min−1 kg−1) increase across acclimation temperatures.

MMRs of Lake Victoria Nile perch were higher than that of Lake

Nabugabo fish at 27/27.5 and 31/31.5�C, but were not significantly

different at 29/29.5�C. Nile perch from Lake Victoria showed a

16–23% increase in MMR from 27�C to 31 and 33�C, whereas MMR

of the Nabugabo population did not vary across acclimation tempera-

tures (Figure 3b and Table 4). AS values were also higher in Lake Vic-

toria Nile perch than in Lake Nabugabo Nile perch at 27/27.5 and

31/31.5�C, but were not significantly different at 29/29.5�C. AS of

Nile perch from Lake Victoria increased with temperature, while the

AS of Nile perch from Lake Nabugabo did not change (Figure 3c and

Table 4).

4 | DISCUSSION

Lake Victoria and Lake Nabugabo have a shared history of ecological

dynamics, but vary in their temperature regimes, and these tempera-

ture differences are reflected in the divergent upper thermal tolerance

and metabolic performance of their resident Nile perch populations.

Although the findings presented here may contain limitations due to

differences in protocol among lakes, these differences were carefully

addressed through tests and experiments to determine that the data

are comparable. Nile perch from Lake Nabugabo had lower thermal
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F IGURE 3 Results of ANOVAs to detect effects of acclimation
temperature on non-Q10-corrected mass adjusted RMR (a), MMR
(b) and AS (c) for Nile perch from Lake Nabugabo and the Bugonga
region of Lake Victoria. Letters indicate differences within a lake
among acclimation temperatures (ANOVAs). Stars indicate differences
between lakes within acclimation temperatures (t-tests with Holm
correction) using α < 0.05. Error bars represent standard error of the
estimated marginal mean. ( ) Lake Nabugabo, ( ) Lake Victoria

TABLE 4 Results from ANOVAs to
detect effects of acclimation temperature
on mass-adjusted RMR, MMR and AS of
Nile perch from Lake Nabugabo and Lake
Victoria

Trait Population d.f. Effect F P value

RMR Nabugabo (3,30) Acclimation temperature 5.567 0.004

Victoria (Q10) (3,40) Q10 acclimation temperature 13.573 <0.001

Victoria (3,40) Acclimation temperature 13.705 <0.001

MMR Nabugabo (3,27) Acclimation temperature 0.458 0.714

Victoria (Q10) (3,40) Q10 acclimation temperature 9.9372 <0.001

Victoria (3,40) Acclimation temperature 11.133 <0.001

AS Nabugabo (3,27) Acclimation temperature 0.244 0.865

Victoria (Q10) (3,40) Q10 acclimation temperature 5.8681 0.002

Victoria (3,40) Acclimation temperature 6.6649 <0.001

Note. Results for the Q10-corrected data are provided for comparison. AS, aerobic scope; MMR, maximum metabolic rate; RMR, resting metabolic rate.
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tolerance (CTmax) at 29.5 and lower aerobic performance (AS) at two

of three acclimation temperatures that could be compared (within

0.5�C of one another). Both populations showed flexibility in upper

thermal tolerance limits and the percentage increase was highest

between the lowest two temperature treatments, levelling off at

higher temperatures. This confirms our first hypothesis that CTmax

would increase with acclimation temperature at a similar rate for both

populations. The Lake Victoria fish also showed more thermal flexibil-

ity in metabolic traits as evidenced by the stronger effect of acclima-

tion temperature on MMR and AS relative to the Nabugabo

population. These results are only partly in line with our second and

third hypotheses that (a) AS would decrease at elevated temperature

and (b) decreases in AS would occur at different temperatures for fish

from the two lakes. While we did not observe a drop in AS at elevated

temperature in either population, we did find that fish from the

warmer thermal regime (the Lake Victoria population) were able to

increase their aerobic performance at higher temperatures more than

the Lake Nabugabo population. Our results therefore provide evi-

dence that local temperature regimes can lead to intraspecific diver-

gence in metabolic capacities in aquatic ectotherms, and that this

divergence can emerge over relatively short time scales (~60–-

70 years) and relatively few generations (~21 generations based on an

estimate of 3 years to maturity; Nkalubo et al., 2012). The inter-

populational variation observed may reflect developmental pheno-

typic plasticity, acclimation effects and/or long-term heritable change;

however, the source of variation was not the focus of this study.

4.1 | Critical thermal maximum

CTmax trials measure the ability of organisms to respond to acute ther-

mal stress and can be interpreted both in terms of the absolute value

of the upper thermal limit and the rate of increase across acclimation

temperatures. Nile perch from the two lakes had comparable CTmax

values at the acclimation temperatures of 27�C (Victoria) and 27.5�C

(Nabugabo), but not at higher temperatures of 29/29.5�C. This differ-

ence might reflect the higher average water temperatures in Lake Vic-

toria, as a higher CTmax would be expected in fish that inhabit warmer

temperatures (Healy & Schulte, 2012b). Temperatures of 27/27.5�C

are common in both lakes; however, temperatures of 29/29.5�C are

not regularly recorded in Lake Nabugabo, which could be why fish

from the Nabugabo population were not able to achieve a CTmax as

high as the Lake Victoria population at 29.5�C. Although it is difficult

to be certain about this trend without CTmax data from warmer-

acclimated Nabugabo fish (or from colder-acclimated Victoria fish),

this finding highlights that long-term exposure to higher average tem-

peratures may lead to a greater upper thermal tolerance. These find-

ings are similar to a number of studies comparing CTmax among

geographically isolated populations that occur in different tempera-

ture regimes (Fangue et al., 2006; Healy & Schulte, 2012a; Rooke

et al., 2017; Stitt et al., 2014).

Exposing Nile perch to various temperatures, albeit briefly,

showed that phenotypic plasticity plays an important role in coping

with changes in temperature. The increase in CTmax was highest

between the lowest temperature treatment to T + 2�C for both

populations (between 25.5 and 27.5 for Lake Nabugabo fish, and

27 and 29 for Lake Victoria fish) and levelled off at higher treatments,

suggesting a similar capacity to adjust upper thermal tolerance limits

among populations. These findings are comparable to evidence from

killifish (Fundulus heteroclitus, Linnaeus, 1766) populations across lati-

tudes, with the southern (warmer) population having higher CTmax

than the northern (cooler) population, but not differing in the amount

of plasticity expressed (Fangue et al., 2006; Healy & Schulte, 2012a).

Comte & Olden (2017) reported rates of increase in CTmax with accli-

mation temperature ranging from 0.07 to 0.91 (average = 0.37 ± 0.16

S.D.) for freshwater fishes. For the purpose of comparison, if we

assume a linear trend between CTmax and the range of temperature

treatments, the rates measured for both populations of Nile perch fell

well within this range (0.33 and 0.3 for Lake Nabugabo and Lake Vic-

toria, respectively), though slightly below average. This may be

expected given that tropical species are thought to be at the upper

limit of their thermal range, and are thus predicted to have lower accli-

mation capacities compared to temperate fishes (Tewksbury

et al., 2008; Vinagre et al., 2016). However, apparent divergence

between these populations at higher acclimation temperatures may

mean that tolerance limits as a whole can be shifted higher with long-

term exposure to elevated temperatures.

4.2 | Metabolic responses

4.2.1 | Resting metabolic rate

Nile perch from Lake Victoria tended to have higher RMR than Lake

Nabugabo fish, especially evident at the highest acclimation tempera-

ture of 31.5�C. It has been predicted that populations that experience

higher temperatures in their natural habitat should have lower basal

metabolic demands (lower RMR) than fish from cooler environments

when tested at elevated temperatures (Donelson & Munday, 2012).

However, this is not always the case (Lardies & Bozinovic, 2008;

Sandersfeld et al., 2017), and the finding that Nile perch from the

cooler waters of Lake Nabugabo had a lower RMR than those from

Lake Victoria at 31.5�C does not support this prediction. However,

intraspecific variation in RMR is controlled by a diversity of factors

ranging from maternal effects to differences in physical environment

(Burton et al., 2011), and one possibility is that the more spatially vari-

able temperature regime of Lake Victoria contributes to differences in

RMR among the two Nile perch populations examined in this study.

Temperature variability has been shown to be energetically costly,

and can affect metabolic rates if mean temperature is higher than

the optimal temperature for growth (Topt_growth) (Enders &

Boisclair, 2016). This trend was observed in Atlantic salmon (Salmo

salar, Linnaeus, 1758) where exposure to fluctuating vs. constant ther-

mal regimes higher than Topt_growth resulted in 34% higher SMR in the

fluctuating-temperature fish than in the constant-temperature fish

(Oligny-Hébert et al., 2015).
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Despite some evidence for higher RMR in Lake Victoria Nile

perch, differences in the slope of increase in metabolic rate with accli-

mation temperature indicate that the two populations varied in the

degree of plasticity (active or passive) in this trait. Exposure to ele-

vated water temperatures brought about greater overall increases in

RMR in the cooler Lake Nabugabo Nile perch (33% increase from 25.5

to 31.5�C) than in the warmer Lake Victoria Nile perch (18% increase

from 27.5 to 33.5�C). These patterns are similar to what was observed

in biogeographically separated brook trout (Salvelinus fontinalis,

Mitchill, 1814) populations, in which cooler-water strains showed

greater increases in SMR across acclimation temperatures than

warmer water strains (Stitt et al., 2014). One might therefore suggest

that Lake Victoria fish show a greater degree of thermal compensation

than the Lake Nabugabo fish (although not necessarily full compensa-

tion; Sandblom et al. 2014). In this instance, the brief (3 day) acclima-

tion period used may not have been long enough to elicit full

physiological compensation; however, the smaller response by the

Lake Victoria population suggests that these fish have either a greater

ability to modulate RMR through active plasticity (i.e., able to actively

reduce basal oxygen demand) or that they are less sensitive to

changes in temperature (i.e., smaller passive thermodynamic effects

on metabolic processes) than Nabugabo fish (Schulte et al., 2011). In

any case, the differences between lakes in the relationship between

RMR and acclimation temperature suggest that different capacities

for thermal acclimation or different thermal sensitivities may have

developed over relatively short time scales (~60–70 years).

4.2.2 | MMR and AS

The MMR of Nile perch from Lake Victoria was on average 45%

higher than that for Nile perch from Lake Nabugabo for temperatures

between 27.5 and 31.5�C. This finding is consistent with the predic-

tion that fish populations from warmer habitats should demonstrate

greater aerobic capacity when exposed to high temperatures than

populations from cooler habitats (Farrell, 2009). However, earlier

studies on Nile perch showed that fish acclimated for 3 weeks or

3 months to higher temperatures exhibited a lower SMR, MMR and

AS at high temperatures than those acclimated to cooler temperatures

(Nyboer & Chapman, 2017, 2018), opposite to the response in this

study. This suggests that metabolic responses to elevated tempera-

ture may differ between acclimation studies (shorter-term exposures)

and comparisons of field populations from different thermal regimes

(generations of exposure). While longer-term acclimation studies on

the Lake Nabugabo population (not yet carried out) would be helpful

to understand differences across studies and populations, the patterns

observed here likely indicate a heritable component to metabolic per-

formance, or that environmental influences other than temperature

are important in controlling metabolic rates. As with RMR, we cannot

determine the source of this variation, but the strong evidence for

phenotypic divergence in aerobic capacity is consistent with an adap-

tive response to local thermal conditions. Interestingly, the higher

flexibility in metabolic performance in Lake Victoria Nile perch relative

to the Lake Nabugabo population is not reflected in a higher upper

thermal tolerance (CTmax) at all acclimation temperatures or in higher

levels of flexibility in CTmax. This provides some evidence that modu-

lation of aerobic performance is not always linked directly to flexibility

in thermal tolerance limits.

Both Nile perch populations used in this study inhabit locations at

the warm end of their geographic range; however, they are still able

to maintain or increase MMR and AS at temperatures beyond what

they experience in their ‘home’ lakes, and also in their historical range

in Lake Albert based on the little temperature data available. Temper-

ature dependence of AS is predicted by a continuous increase in RMR

with temperature and plateau/decrease in MMR beyond optimal tem-

peratures (Fry, 1971). Although this pattern has been demonstrated in

a number of fish species (e.g., goldfish, salmon species; Fry, 1971;

Fry & Hart, 1948; Lee et al., 2003), it was not detected in this study.

For the Lake Victoria population, MMR and AS increased across the

range of acclimation temperatures (except between 31 and 33�C), and

for the Lake Nabugabo population MMR and AS were maintained

across temperatures. These findings could indicate that the acclima-

tion temperatures used in this study fall within the Topt window for

this species (Chrétien & Chapman, 2016b; Huey & Stevenson, 1979),

although short-term acclimation and experiments at temperature

treatment below and beyond the range of temperatures covered by

the present study would be necessary to confirm this. However, given

the relatively thermo-stable environment inhabited by these fish, and

the fact that acclimation to 33�C for more than 3 days causes high

mortality rates in Nile perch (observed during this study; see Nyboer &

Chapman, 2017), it seems unlikely that the upper acclimation temper-

atures fall within Topt. The fact the MMR does not decrease at

extreme high temperatures provides evidence that this species may

be more thermally flexible than expected given its tropical adaptive

background.

4.3 | Divergence in thermal plasticity among
populations

This study provides evidence for high levels of metabolic plasticity

among acclimation temperatures (although higher levels of plasticity

were generally noted in the Lake Victoria population), but also shows

relatively rapid divergence in aerobic performance between two

populations recently introduced to different host lakes. Because of

differences between the two populations in both flexibility and in the

absolute value of the traits assessed, our results provide key insights

into which aspects of thermal tolerance and metabolism are more

likely to diverge among isolated populations, and which traits are

more labile and responsive to rapid environmental change. For exam-

ple, acclimation temperature had a stronger effect on RMR than lake

of origin did, indicating that basal metabolic performance is flexible

and has a greater capacity to respond to environmental change rela-

tive to MMR and AS, which had very strong population effects and

appeared to be less responsive to acclimation temperatures. Under-

standing which traits are likely to be flexible and which are likely to fix
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within a population can provide insight into future mechanisms for

fish to adjust to climate change effects (elevated and/or variable

water temperatures) on both short and long timescales.

Although many studies have documented variation in thermal

performance among geographically isolated populations (Donelson &

Munday, 2012; Eliason et al., 2011; Fangue et al., 2006; Healy &

Schulte, 2012a,b; Stitt et al., 2014), the direction of divergence does

not always follow predicted outcomes. For example, a recent study on

four populations of nine-spine stickleback (Pungitius pungitius,

Linneaus, 1758) showed that interactions between temperature of

origin with migratory behaviour and the presence of predators

influenced the direction of metabolic compensation in unpredictable

ways (Bruneaux et al., 2014). Studies such as this highlight the impor-

tance of examining factors outside of (or interacting with) tempera-

ture that might influence metabolic rate, including developmental

effects, dietary differences and movement patterns. In the present

study, for example, population level differences may be related to dif-

ferences in activity patterns among lakes. Populations with active

behaviour tend to have higher aerobic capabilities than less active

populations, and are thus predicted to cope better with increased

energetic demands (Gardiner et al., 2010; Pörtner, 2006; Pörtner &

Lannig, 2009). It is possible that Nile perch from Lake Victoria are

more “athletic” than those from Lake Nabugabo, as early tagging stud-

ies on Lake Victoria have shown extremely long-distance migrations

(Hauser et al., 1998), whereas Lake Nabugabo Nile perch have been

shown to have relatively small home ranges and do not perform long-

distance migrations due to the smaller size of the lake (Nyboer &

Chapman, 2013a). While this remains speculative, the higher meta-

bolic performance and more flexible metabolic rates detected in the

Lake Victoria population could be related to higher movement pat-

terns and a history of longer migrations in this population. In addition,

there are several biophysical differences between lakes Nabugabo

and Victoria (apart from temperature) that could have contributed to

the different responses. For example, given the higher level of urban

and agricultural development in Bugonga, the Lake Victoria site may

have higher inputs of various pollutants than the Lake Nabugabo site.

In addition, the biological communities in the two lakes are different,

with Lake Victoria having higher species richness and different food

sources for Nile perch than Lake Nabugabo (Nkalubo et al., 2012; Pat-

erson & Chapman, 2009). These differences could explain some of the

metabolic variation detected in fish between the two lakes. However,

even though this study cannot conclusively state that thermal envi-

ronment is the sole cause of the population differences, the findings

presented here nevertheless quantify a physiological difference in

response to changes in temperature through the experimental portion

of this study, which has relevance for understanding the potential for

physiological traits to diverge among populations over rather short

timescales.

Plasticity in physiological traits allows organisms to adjust to

short-term changes in environmental conditions. Nile perch from lakes

Victoria and Nabugabo originate from the same source population

(Hauser et al., 1998), but have had multiple (~21) generations to

respond to different local conditions. The divergence in the flexibility

of metabolic traits among the two populations, combined with the

finding that the direction of divergence is consistent with an adaptive

response, together suggest that both genetic adaptation and pheno-

typic plasticity may have shaped the physiological responses of Nile

perch to temperature variation over short and long timescales. These

results are consistent with adaptive phenotypic change to host-lake

thermal regimes, which could result in different capacities to cope

with predicted increases in water temperature associated with climate

change. Future study investigating differences in thermal tolerance

among populations from native vs. invaded ranges could shed light on

these findings.
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