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Intraspecific differences in endurance swim performance and
cardiac size in sockeye salmon (Oncorhynchus nerka) parr tested
at three temperatures
E.J. Eliason, M.K. Gale, C.K. Whitney, A. Lotto, and S.G. Hinch

Abstract: Pacific salmon encounter widely varying environmental conditions across populations. Performance traits and envi-
ronmental tolerance limits are predicted to be related to the typical abiotic and biotic conditions encountered by each popula-
tion. Endurance swim performance at three different temperatures (8, 12, 22 °C) was compared across nine populations of
sockeye salmon (Oncorhynchus nerka (Walbaum, 1792)) parr from British Columbia, Canada, reared in a common laboratory
environment. In addition, relative ventricular mass (RVM) was compared between good and poor performers from each popu-
lation. Populations significantly differed in endurance swim performance and these differences were related to the natal lake
environment. Specifically, parr populations that reside in warm, shallow lakes (Okanagan, Scotch, and Stellako) had superior
swim performance at 12 °C compared with 8 °C. All other populations from deeper, cooler lakes had equivalent swim perfor-
mance at 8 and 12 °C. Individual variability in swim performance within a population was not due to differences in cardiac size.
Similarly, RVM did not vary across parr populations, suggesting that population differences in swim performance were not
associated with cardiac size. This study provides further support that sockeye salmon parr are locally adapted to their environ-
mental conditions.

Key words: Oncorhynchus nerka, sockeye salmon, local adaptation, population, heart, cardiac, endurance, aerobic swim performance,
temperature.

Résumé : Les saumons du Pacifique sont exposés à des conditions ambiantes qui varient fortement selon la population. Il est
prédit que les caractères associés à la performance et les limites de tolérance aux conditions ambiantes seraient reliés aux
conditions abiotiques et biotiques typiques auxquelles une population donnée est exposée. Une comparaison de la performance
de nage d’endurance à trois températures différentes (8, 12, 22 °C) a été effectuée entre neuf populations de tacons de saumon
rouge (Oncorhynchus nerka (Walbaum, 1792)) de la Colombie-Britannique (Canada) élevés dans le même environnement de labo-
ratoire. Une comparaison de la masse ventriculaire relative (MVR) a également été effectuée entre individus caractérisés par une
bonne et une mauvaise performance de nage d’endurance pour chaque population. Des différences significatives de la perfor-
mance de nage d’endurance ont été relevées entre les populations, ces différences étant reliées à l’environnement du lac natal.
Plus précisément, les populations de tacons résidant dans des lacs chauds et peu profonds (Okanagan, Scotch et Stellako)
présentaient une meilleure performance natatoire à 12 °C qu’à 8 °C. Toutes les autres populations de lacs plus profonds et plus
frais présentaient des performances natatoires équivalentes à 8 et 12 °C. La variabilité de la performance natatoire entre
individus d’une même population n’était pas due à des variations de la taille du cœur. De même, la MVR ne variait pas entre les
populations de tacons, ce qui porte à croire que les variations de la performance natatoire entre populations ne sont pas associées
à la taille du cœur. L’étude soutient la thèse voulant que les tacons de saumon soient adaptés aux conditions ambiantes locales.
[Traduit par la Rédaction]

Mots-clés : Oncorhynchus nerka, saumon rouge, adaptation locale, population, cœur, cardiaque, endurance, performance natatoire
aérobie, température.

Introduction
Identifying intraspecific variability in performance traits and

environmental tolerance limits is critical to understanding how
species and populations will respond to a changing environment.
Local adaptation occurs when individuals of a native population
exhibit higher fitness within their local environmental conditions
compared with other populations from a different habitat (Kawecki
and Ebert 2004). Pacific salmon (genus Oncorhynchus Suckley, 1861) are
well known for their natal homing and low dispersal across diverse

habitats (Groot and Margolis 1991), resulting in genetically segre-
gated populations that are postulated to be locally adapted to
their environment (Taylor 1991; Fraser et al. 2011). Indeed, salmon
physiology and morphology have been correlated with environ-
mental conditions and historical temperature in adults (Beacham
and Murray 1987a; Kinnison et al. 2001; Lee et al. 2003; Crossin
et al. 2004; Eliason et al. 2011, 2013), eggs (Beacham and Murray
1987a, 1987b, 1989; Whitney et al. 2013, 2014), and fry (Tsuyuki and
Williscroft 1977; Taylor and McPhail 1985; Patterson et al. 2004;
Pon et al. 2007; Chen et al. 2013; Sopinka et al. 2013).
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Sockeye salmon (Oncorhynchus nerka (Walbaum, 1792)) rearing
lakes are broadly distributed across British Columbia and vary in
elevation, temperature, depth, duration of ice cover, lake pro-
ductivity, food availability, and predation pressure (Stockner
and Shortreed 1983). Aerobic swimming capacity is a critical per-
formance metric with ecological consequences since parr must be
able to migrate to different areas, maintain station against a cur-
rent, avoid predators, and obtain food. Furthermore, the heart is
critical fordeliveringoxygentotheworkingmusclesduringswimming.
Indeed, adult sockeye salmon with more difficult upriver migra-
tions had significantly higher swim performance and aerobic scope
and a correspondingly higher cardiac scope, a greater relative ven-
tricular mass (RVM), and a more compact myocardium (Lee et al.
2003; Eliason et al. 2011, 2013). In addition, individual variability in
swim performance has been correlated with cardiac physiology
and morphology. Rainbow trout (Oncorhynchus mykiss (Walbaum,
1792)) with poor aerobic swimming performance, decreased aero-
bic scope, and low maximum metabolic rate had significantly
lower maximal cardiac pumping capacity and rounded, mis-
shapen hearts compared with high performers from the same
population (Claireaux et al. 2005).

The present study sought to determine whether genetically dis-
tinct sockeye salmon parr from nine different populations (eight
from the Fraser River, one from the Columbia River) differ in
endurance swim performance. Fish were reared in a common

laboratory environment to compare genotypes while eliminating
potential differences due to rearing environment. The fish were
swum at three temperatures (8 and 12 °C are within the typical
environmental range, whereas 22 °C represents a high-temperature
challenge) to assess how populations differ in temperature toler-
ance. Sockeye salmon parr were predicted to be physiologically
locally adapted to their specific lake environment. The second
objective of this study was to assess whether population differ-
ences and individual variability within a population may be due to
differences in cardiac size. Specifically, populations and individu-
als with superior swimming performance were predicted to have
a greater RVM.

Materials and methods
This experiment was conducted under Canadian Council on

Animal Care guidelines in accordance with the standards set by
The University of British Columbia (AUP A11-0215).

Fish husbandry
Adult Fraser River sockeye salmon depart the ocean and deposit

their eggs in their natal river or lake in the fall. Fry emerge from
the gravel between March and June and typically spend 1 year
rearing in a nursery lake before migrating downstream to the
ocean as smolts in April and May. One major exception is the

Fig. 1. Map of the spawning locations and rearing lakes in British Columbia, Canada, for the sockeye salmon (Oncorhynchus nerka) populations
investigated in the current study. Figure appears in colour on the Web.
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Harrison population, which migrates downstream to the Fraser
River estuary shortly after emergence.

Sockeye salmon eggs and milt were collected from the spawn-
ing grounds of nine different wild populations (Fig. 1, Table 1;
eight populations from the Fraser River watershed (Adams, Chilko,
Gates, Harrison, Horsefly, Scotch, Stellako, Weaver) and one pop-
ulation from the Columbia watershed (Okanagan)) in the fall of
2010. Fertilized eggs were reared at 10 °C in freshwater at The
University of British Columbia (Vancouver, British Columbia,
Canada). Details are provided in Whitney et al. (2013, 2014). Fol-
lowing emergence in early 2011, sockeye salmon fry were held in
freshwater in 1000 L flow-through tanks (one population per tank)
under seasonal photoperiod and temperature. Dissolved oxygen
was always maintained above 90% saturation. Fish were fed com-
mercial salmonid feed (EWOS Canada Ltd., Surrey, British Colum-
bia, Canada) daily to satiation. The fish were approximately 1 year
old and thus considered parr (Fig. 2; overall mean (±SE) mass =
5.9 ± 0.9 g; overall mean (±SE) fork length = 80.7 ± 0.4 mm) when
the swimming experiments were conducted in November and
December 2011. Food was withheld for 24 h before a swim test.

Swim flume
Aerobic swimming performance is typically assessed using a

critical swimming speed (Ucrit) test (Brett 1964). Ucrit swim tests are
time consuming, as fish are usually swum individually for several
hours. This can become problematic when experimental trials
need to be conducted over a brief period of time (e.g., to minimize
size differences in fast-growing fish) and when many fish need
to be compared. In contrast, fixed velocity endurance swim tests
(Brett 1967) can be used to evaluate the time to fatigue (endurance)
for groups of fish so that many individuals can be rapidly screened.
Endurance swim tests have successfully been used to compare feed-
ing regimes, fish size, water temperature, ploidy, and cardiovascular
traits in sockeye salmon, rainbow trout, haddock (Melanogrammus
aeglefinus (L., 1758)), southern catfish (Silurus meridionalis Chen,
1977), Atlantic salmon (Salmo salar L., 1758), Atlantic cod (Gadus
morhua L., 1758), and American plaice (Hippoglossoides platessoides
(Fabricius, 1780)) (Brett 1967; Winger et al. 1999, 2000; Martínez
et al. 2003; Breen et al. 2004; Cotterell and Wardle 2004; Claireaux
et al. 2005; Zeng et al. 2009).

Fixed velocity endurance swim trials were conducted in a flow-
through swim flume (Fig. 3; 200 cm long × 15 cm wide × 25 cm
high). Water was pumped into the front of the flume, where it
passed through a perforated plexiglass plate and then a honey-
comb structure to maximize laminar flow through the swim area.
To encourage fish to swim in the target swim area (mid-flume,
where flow was most consistent), a bright light was directed into
the area adjacent to the honeycomb and the target swim area was
shaded using black plastic. The fish tended to spread out across
the width of the flume, but mostly remain within the shaded area
mid-flume for the duration of the swim. At the downstream end of
the flume, a sliding door could be raised or lowered to adjust flow.
As fish failed to swim with sufficient velocity to maintain their
position in the flume, they fell to the back of the swim flume and
were transferred to a recovery tank.

Swimming protocol
Approximately 30 fish from an individual population were

warmed from their holding temperature (range 6–8 °C during the
experiments) to their test temperature (8, 12, or 22 °C) by 6 °C·h−1.
Upon reaching the test temperature, all the fish were immediately
transferred into the endurance swim flume and allowed 12 min to
adjust to the flume under a low velocity of approximately 1 body
length·s−1. The speed was ramped to the test velocity of 0.25–
0.33 m·s−1 (�3 body length·s−1) over 11 min to allow the fish time to
adjust to the increased swimming speed. If fish dropped out of the
flume during this ramping period, then they were immediately
placed back into the flume. If an individual fish dropped out more T
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than three times during the ramping period, then it was removed
from the flume and not included in the statistical analysis (Winger
et al. 1999).

The fish were swum at a constant velocity for up to 90 min. As
individual fish dropped out, the time was recorded. The swim trial
was terminated at 90 min and any remaining fish were recorded
as “censored” (see analysis section below), removed from the
flume, and all fish were allowed to recover for 3 h at their test
temperature. This recovery duration was chosen to enable the fish

to fully recover between tests (Brett 1964). The identical test was
then repeated a second time. As individual fish dropped out dur-
ing the second test, the time was recorded and body mass and fork
length were measured by lightly anaesthetizing the fish with buff-
ered MS-222 (0.05 g·L−1 MS-222 with 0.1 g·L−1 NaHCO3; Sigma–
Aldrich, Oakville, Ontario, Canada). Following the second 90 min
swim test, all the fish were cooled back to their holding temper-
ature. Preliminary analysis indicated that swim performance was
similar between swim 1 and swim 2. However, the first swim test

Fig. 2. Body mass, fork length, condition factor (body mass/fork length3 × 100), and swim speed during the endurance swim test for nine
populations of sockeye salmon (Oncorhynchus nerka). The black line shows the median value for a population; the boundaries of the box
indicate the 25th and 75th percentiles; the whiskers above and below the box indicate the 90th and 10th percentiles, respectively; the circles
indicate outlying points.

Fig. 3. Schematic of the endurance swim flume.
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was used as a training test and thus only the results from the
second swim test were included in the final analysis. All popula-
tions were tested at 8 and 12 °C. In addition, four populations
(Adams, Chilko, Harrison, Weaver) were also tested at 22 °C.

Relative ventricular mass
During the second swim at 12 °C, individual fish that quit swim-

ming first (<60 min into the swim test) were categorized as “poor”
performers and individual fish that completed the entire swim
test were categorized as “good” performers. Five poor performers
and five good performers were selected from each population.
The fish were euthanized by cerebral concussion and mass and
fork length were measured. The heart was removed and the ven-

tricle was isolated from the atrium and bulbous arteriosus using a
dissecting microscope and weighed.

Calculations and statistical analysis
Condition factor (CF) was calculated as CF = (body mass/

fork length3) × 100, where body mass is grams (g) and fork length
is in centimetres (cm). The actual swim speed for each individual
fish was determined as water velocity/fork length. RVM was deter-
mined as RVM = ventricle mass/body mass × 100.

All statistics were performed using SigmaPlot version 11.0
(Systat Software, Inc., San Jose, California, USA). Failure time anal-
ysis, also known as survival analysis, was used to statistically com-
pare endurance swim performance. See Winger et al. (1999) for

Fig. 4. Population comparison of sockeye salmon (Oncorhynchus nerka) endurance swim performance at 8, 12, and 22 °C. Statistical results are
provided in the text. Figure appears in colour on the Web.
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a discussion of the benefits of using survival analysis (includes
censored data) over regression analysis (excludes censored data).
Endurance swim time was compared among populations and
among temperatures using Kaplan–Meier log-rank survival
analysis. A Bonferroni multiple comparison test was used to
distinguish among groups. A Cox proportional hazards model
(Cox 1972; Cox and Oakes 1984; Winger et al. 1999) was used to
evaluate the effect of covariates (population, body mass, fork
length, swim speed, and condition factor) on endurance swim
time for each test temperature. The hazard rate was only signifi-
cantly affected by population. Therefore, a Cox regression strati-
fied model was used to evaluate the effect of covariates (body
mass, fork length, swim speed, condition factor) on endurance
swim time using population as a stratification variable. RVM was
compared across populations and between good and poor swim-
mers using two-way ANOVA.

Results

Endurance swim test
At 8 °C, Okanagan fish had significantly reduced endurance

swim performance compared with Adams, Harrison, Horsefly,
Gates, Scotch, and Weaver fish (Fig. 4). In addition, Adams fish
had superior endurance swim performance compared with Gates
and Stellako fish at 8 °C. Harrison fish had superior endurance
swim performance compared with Stellako fish at 8 °C. At 12 °C,
Stellako fish had superior swim performance compared with
Chilko, Gates, and Harrison fish (Fig. 4). All other populations
were statistically indistinguishable at 12 °C. At 22 °C, there were
no significant differences among the four populations tested
(Fig. 4).

Within a population, endurance swim performance did not sig-
nificantly differ between 8 and 12 °C for most populations (Table 2;
Adams, Chilko, Gates, Harrison, Horsefly, Weaver). Notably, swim
performance was higher at 12 compared with 8 °C for Okanagan,
Scotch, and Stellako fish. In addition, swim performance was sig-
nificantly lower at 22 °C for Adams and Harrison fish, but not for
Chilko fish.

Box plots for body mass, fork length, condition factor, and swim
speed for each population are provided in Fig. 2. The covariates
(body mass, fork length, swim speed, and condition factor) did not
significantly affect the failure time at any of the test temperatures
(Table 3).

Relative ventricular mass
RVM did not significantly differ among populations or between

fish with good versus poor swim performance (Table 4; two-way
ANOVA, p > 0.05). The overall mean (±SE) RVM across all fish was
0.121% ± 0.001%.

Discussion
The present study found that endurance swim performance

differs across sockeye salmon parr populations and with temper-
ature, and some of these performance differences can be related
to variation in the historical environmental conditions of the rear-
ing lakes. This finding is in line with the increasing body of knowl-
edge showing strong correlatory evidence that genetically distinct
salmon populations are locally adapted to their environments
(e.g., Taylor 1991; Crossin et al. 2004; Eliason et al. 2011). Cardiac
size (RVM) was compared to assess whether population and indi-
vidual differences in swim performance were related to genetic
differences in cardiac capacity. However, differences in swim per-
formance in the present study were not due to differences in RVM.

Population differences in swimming performance
Genetically and geographically segregated sockeye salmon pop-

ulations are hypothesized to be locally adapted to their specific
environmental conditions (Taylor 1991; Fraser et al. 2011). Numer-

ous abiotic and biotic variables could be exerting selection pres-
sure at the parr life stage, including temperature, dissolved oxygen,
flow conditions, predator pressure, interspecific competition, and
prey availability. As predicted, endurance swim performance sig-
nificantly differed across parr populations in the current study.
However, it is challenging to relate these performance differences
to specific natal lake characteristics because the lakes are complex

Table 2. Kaplan–Meier log-rank survival analysis of the swimming
endurance of nine populations of sockeye salmon (Oncorhynchus nerka)
at three temperatures with different letters indicating statistically
significant difference between test temperatures within a population.

Temperature (°C)

Population Statistic df P 8 12 22

Adams 9.143 2 0.010 a a b
Chilko 1.305 2 0.521 a a a
Gates 0.244 1 0.621 a a —
Harrison 7.977 2 0.019 a ab b
Horsefly 0.302 1 0.582 a a —
Okanagan 42.748 1 <0.001 a b —
Scotch 4.432 1 0.035 a b —
Stellako 26.396 1 <0.001 a b —
Weaver 6.499 2 0.039 a a a

Table 3. Failure time analysis of the swimming endurance of nine
populations of sockeye salmon (Oncorhynchus nerka) using a Cox regres-
sion stratified model with four covariates (body mass, fork length,
condition factor, and swim speed) and population as the stratum.

Covariate Coefficient SE �2 P

8 °C
Fork length 0.0191 0.190 0.0101 0.920
Body mass −0.225 0.381 0.348 0.556
Swim speed −1.933 3.126 0.382 0.536
Condition factor −0.264 2.730 0.00935 0.923

12 °C
Fork length −0.0783 0.257 0.0932 0.760
Body mass −0.189 0.588 0.104 0.748
Swim speed −2.463 3.670 0.451 0.502
Condition factor 3.147 3.391 0.861 0.353

22 °C
Fork length −0.0635 0.229 0.0767 0.782
Body mass 0.00829 0.454 0.000334 0.985
Swim speed −0.935 3.420 0.0748 0.784
Condition factor 0.869 2.281 0.145 0.703

Table 4. Mean (±SE) relative
ventricular mass (RVM = ven-
tricular mass/body mass × 100)
for parr from nine populations
of sockeye salmon (Oncorhynchus
nerka).

Population RVM (%)

Adams 0.130±0.007
Chilko 0.118±0.004
Gates 0.122±0.004
Harrison 0.116±0.002
Horsefly 0.116±0.004
Okanagan 0.121±0.004
Scotch 0.120±0.005
Stellako 0.120±0.003
Weaver 0.124±0.004
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environments with high inter- and intra-seasonal variations and
because environmental data are largely incomplete.

Intraspecific variation in swimming performance and morphol-
ogy has been related to local environmental conditions in many
species of fish including sockeye salmon, rainbow trout, coho
salmon (Oncorhynchus kisutch (Walbaum, 1792)), steelhead trout
(Oncorhynchus mykiss (Walbaum, 1792)), Atlantic salmon, brown
trout (Salmo trutta L., 1758), Arctic charr (Salvelinus alpinus alpinus L.,
1758), and blacknose dace (Rhinichthys atratulus (Hermann, 1804))
(Tsuyuki and Williscroft 1977; Riddell et al. 1981; Taylor and McPhail
1985; Nelson et al. 2003; Keeley et al. 2005; Langerhans 2008;
Janhunen et al. 2009; Pavey et al. 2010; Drinan et al. 2012). Differ-
ences were hypothesized to be largely associated with habitat
complexity, predation pressure, and foraging opportunities,
where a streamlined body shape allows for enhanced prolonged
swimming performance that may be advantageous in an open
environment when fish cruise in schools, are not aggressive to-
ward each other, and feed on plankton in open water. In contrast,
deeper, more robust body shapes are suggested to improve burst
swimming performance and movements in structurally complex
environments and enhance predator avoidance (Keeley et al. 2005;
Langerhans 2008; Pavey et al. 2010).

In the present study, Adams and Scotch sockeye salmon had the
highest overall endurance swim performance. Both populations
rear in Shuswap Lake, a deep but warm lake with greater species
diversity of both zooplankton and fish compared with some of the
other natal rearing lakes (e.g., Chilko Lake) (Goodlad et al. 1974).
Furthermore, Harrison sockeye salmon, which demonstrated su-
perior swim performance at 8 °C, migrate directly to the turbid
Fraser River estuary shortly after emergence. Turbid water is pre-
dicted to reduce predation pressure (Gregory 1993; Gregory and
Levings 1998), which may allow for enhanced endurance swim
performance over burst performance. Gates and Chilko sockeye
salmon, which had the poorest endurance swim performance
overall, reside in natal lakes that are deep and clear, which may
necessitate increased burst swimming capacity and predator avoid-
ance strategies because the risk of predation is higher (Abrahams
and Kattenfeld 1997).

Effect of temperature on swimming performance
Temperature plays a central role determining species and popula-

tion distributions. As fish are ectotherms, temperature strongly af-
fects physiological processes such as metabolic rate and thus swim
performance. Sockeye salmon parr were predicted to have supe-
rior swim performance at the temperatures that they typically
encounter in their environment. Supporting this hypothesis, fish
from Okanagan, Scotch, and Stellako populations had superior
swim performance at 12 relative to 8 °C and all three populations
rear in relatively shallow, warm lakes (mean depth is <100 m;
Table 1). In particular, Okanagan fish can encounter extremely
warm temperatures in Osoyoos Lake (summer surface tempera-
tures can exceed 24 °C; Hyatt et al. 2015) and they had the lowest
swim performance among all populations tested at 8 °C but very
high performance at 12 °C. In contrast, the other populations rear
in deeper, cooler lakes (mean depth = 100–169 m; Table 1) and
swim performance was equivalent between 8 and 12 °C.

A high-temperature swim test, at the top of the range encoun-
tered in the wild, was used to test whether populations differ in
their upper thermal tolerance. As expected, swim performance
was reduced when Adams and Harrison fish swam at 22 °C com-
pared with 8 and 12 °C. In contrast, Chilko fish exhibited equally
poor swim performance at all three test temperatures, indicating
that Chilko fish may have been less sensitive to the high-
temperature challenge. Interestingly, endurance swim perfor-
mance was equivalent at 22 °C for all four populations and the
trajectory of when fish quit swimming was very similar, which
contrasts sharply with the patterns observed for the 8 and 12 °C
swims (Fig. 4).

Relative ventricular mass
The heart plays the critical role of delivering oxygen to muscles

to support aerobic swimming. Larger hearts can generate a larger
cardiac output and greater cardiac power and thus have an in-
creased capacity for oxygen delivery (Farrell 1996). RVM was sim-
ilar in parr from all nine sockeye salmon populations and did not
differ between individuals with good and poor swim performance,
suggesting that differences in endurance swim performance were
not due to differences in cardiac size in sockeye salmon parr. In
contrast, Claireaux et al. (2005) found that cardiac performance
and morphology were linked to individual differences in swim
performance in rainbow trout and they found that differences
could be detected using an endurance swimming test. However,
they used hatchery-reared fish that were much larger (�145 g
during initial screening test and �1100 g during physiology and
morphology assessments). Prolonged exposure to hatchery and
aquaculture conditions are known to negatively affect cardiac
morphology (Gamperl and Farrell 2004). In addition, Claireaux
et al. (2005) screened 600 fish to identify 60 good and 60 poor
swimmers (i.e., top and bottom 10%), whereas the present study
only screened 30 fish per population and identified the top and
bottom 17%. It is possible that insufficient numbers of fish may
have been screened in the present study to detect differences in
cardiac morphology across individuals. Future research should
investigate other traits that support aerobic swim performance
such as enzyme activity (e.g., citrate synthase and lactate dehy-
drogenase activity; Patterson et al. 2004) and alternative cardiac
performance metrics (e.g., cardiac scope, cardiac power output,
hematocrit, and hemoglobin concentration). The influence of
extraneous, nongenetic influences such as pathogen load should
also be considered.

Conclusions
Endurance swim performance significantly differed across the

nine sockeye salmon populations examined in the present study.
Some of these intraspecific differences can be linked to variation
in the local rearing lake environment, though our knowledge of
the biotic and abiotic factors for each rearing lake is incomplete.
Individual variability in swim performance could not be attrib-
uted to differences in RVM, thus alternative factors should be
considered.
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