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Abstract

As environmental laws: become increasingly protective and with likely future changes in global climate, thermal effects on
aquatic resources are likely to receive increasing attention. Lethal temperatures for a variety of species have been determined for
situations where temperatures rise rapidly resulting in lethal effects. However, less is known about the effects of chronic exposure
to high (but not immediately lethal) temperatures and even less about stress accumulation during periods of fluctuating
temperatures. In this paper we present a modeling framework for assessing cumulative thermal stress in fish. The model assumes
that stress accumulation occurs above a threshold temperature at a rate dependent on the degree to which the threshold is
exceeded. The model also includes stress recovery (or alleviation) when temperatures drop below the threshold temperature as in
systems with large daily variation. In addition to non-specific physiological stress, the model also simulates thermal effects on

growth. Published by Elsevier Science Ltd.
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1. Introduction

The impact of power plants on the thermal regimes
of aquatic ecosystems has been a concern for decades.
As environmental laws become increasingly protective
and with possible future changes in global climate,
thermal effects on aquatic resources are likely to regain
the attention received in the 1970s. Power plant ther-
mal effects typically result from either the discharge of
heated water used for cooling at fossil fuel and nuclear
plants or changes in flow regimes and reservoir oper-
ations in the case of hydropower plants.

" Operating licenses often include articles with criteria
'designed to protect aquatic resources, particularly fish,
from thermal impacts. These criteria vary in both com-
plexity and effectiveness, and rarely take into account
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temporal and cumulative aspects of thermal exposure
on fish. Typical criteria include one or several of the
following (listed in order of increasing complexity): (1)
a single maximum temperature that may not be
exceeded, (2) a time-averaged (daily or longer) mean
temperature that may not be exceeded, or (3) criteria
like type 1 or 2 above that vary monthly (or season-
ally). Temporally variable criteria like type 3 are devel-
oped to account for acclimation to different seasonal
temperatures and for variable susceptibility by different

species and life stages.

These criteria are often established based on exper-

. imentally determined Critical Thermal Maxima (CTM)

which measure an acute response (e.g., loss of equili-
brium or death) to a rapid increase in temperature. A
2°C safety margin is usually included when using
CTM results to establish thermal criteria (Coutant,
1977). In some cases, the effects of long-term exposure
on mortality, reproduction, and early life stage devel-
opment are also considered. These measures of thermal
response are typically determined for different acclim-
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ation temperatures, but rarely include the additional
effect of chronic exposure to sub-lethal temperatures
that can be stressful but not lethal. It is common
knowledge that the recent thermal history of a fish
acclimates it to higher temperatures, thereby extending
its tolerance limit (Parker and Krenkel, 1969; Jobling,
1994). However, beyond a certain point, acclimation
benefits are exceeded, and prolonged exposure to non-
-lethal temperatures causes physiological stress which
can reduce a fish’s tolerance of high temperatures and
ultimately affect population success.

Not only do most standard criteria fail to consider
chronic effects, but they also do not account for stress
recovery during periods of fluctuating temperature
when temperatures periodically drop below - stressful
levels. Large daily fluctuations in water temperature as
a result of either natural conditions or industrial oper-
ations can result in significantly different impacts than
constant temperatures on which most regulatory cri-
teria are based. In thermally fluctuating environments,
it is likely that a single maximum temperature criterion
would be exceeded repeatably for short durations
rather than continuously for a long period. It is also
possible that mean temperatures could remain below
criteria based on average conditions that are presumed
to be safe, but exposure to short-term temperature
peaks could still be detrimental. The dynamics of stress
recovery in fish is poorly understood, but may be an
important factor in thermal effects in many situations.

Because of the poor understanding of thermal
stress in fish in thermally dynamic environments
and the uncertainty associated with the establish-
ment of regulatory criteria, there is a high likeli-

hood that many existing criteria are either under- -

or over-protective. From an environmental perspec-
tive, it is usually better to be over-protective; how-
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ever, from a power production perspective it is
obviously not desirable to spend unnecessarily for
nonessential mitigation. A better understanding of
the -cumulative nature of thermal stress along with
stress recovery dynamics is crucial in establishing
regulatory criteria that are protective of the environ-
ment while at the same time not overly conserva-
tive.

It is common for many streams (both natural and
impacted) to experience daily fluctuations of >4°C
during the summer, and some may fluctuate as much
as 10°C. Although the amount of daily fluctuation in
ambient air temperature is probably the most import-
ant factor in dictating water temperature fluctuation,
other factors such as the size of the water body,
amount of flow, degree of mixing, and exposure to
solar radiation are also important. Fig. 1 illustrates
features of a typical thermal regime that affect cumu-
lative thermal stress in fish. The temperature at which
stress begins to occur is-largely dependent on a fish’s
prior exposure history or acclimation. For example,
typical seasonal acclimation allows fish to be more tol-
erant of high temperatures in summer than in winter.
Even with acclimation there is a temperature beyond
which stress occurs regardless of previous acclimation
at sub-stressful temperatures. One aspect of stress ac-
cumulation of which little is known is stress recovery
when exposure to high temperature is removed. The
temperature at which recovery occurs, the rate of
recovery, and the length of time for full recovery are
largely unknown.

The purpose of this paper is to describe a model

framework that we have developed to assess both the

temporal aspects of thermal exposure and the
dynamics of cumulative thermal stress and recovery in
fish exposed to fluctuating temperature regimes. -

Fig. 1. Factors that affect thermal stress accumulation in fish in fluctuating environments.

-

-
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2. Mode! description and results

The thermal effects model was designed in a systems
dynamics framework using commercially available
Stella® software. This system is user friendly and
allows for easy manipulation of input parameters and
state variables. The model described here was parame-
terized for rainbow trout (i.e., the bioenergetics par-
ameters and temperature thresholds), but it is easily
transferable to other species where basic physiological
parameters are known. Below, we describe the thermal
stress component of the model first and then describe
the entire thermal effects model. Model simulations
were performed with temperature regimes with differ-
ent amounts of diel fluctuation.

2.1. Thermal stress component

_ The direct thermal stress component of the model is
similar to damage-repair models developed for ecotoxi-
cology investigations (Mancini, 1983; Breck, 1988;
Meyer et al., 1995). Fig. 2 shows the relationship
among those factors that affect stress accumulation
and recovery including:

o the magnitude of high temperature exposure;
o the duration of high temperature exposure;
® stress recovery during periods of reduced tempera-
ture; and
e size- and species-specific effects on threshold tem-
~ peratures.

The model (i.e., Eq. (1)) tabulates an index of thermal
stress that has yet to be directly related to actual phys-
iological stress or other health effects. The basic
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Fig. 2. Diagrammatic representation of direct thermal stress
submodel. :

equation of this thermal stress submodel is:

Thermal stress(#) = Thermal :
(1)

stress(¢ — dr) + (Accumulation — Recovery) d,

where ¢ is the current time and dt is the size of the
time step, an hour in the examples presented here.
During any time step, accumulation or recovery
occurs, but not both. Stress accumulates when ambient
temperature exceeds a size- and species-specific tem-
perature threshold:

Accumulation = Ambient temperature — Threshold (#)]

Recovery occurs when temperature drops below the
threshold at a rate that depends on the magnitude and
duration below the threshold: -

Recovery = (Threshold — Ambient temperature) Z 3

where Z is a factor that delays the rate of recovery
such that it occurs more slowly than stress accumu-
lation. For this demonstration, we assume that Z =
0.25; therefore, recovery occurs at a rate 25% of that
at which it accumulates.

For the simulations presented here, the threshold
temperature was set at 21°C, above which, the index
of thermal stress increases. For example, 2 h at 23°C
would increase the stress index by 4 [i.e., 2 x (23-21)].
Whereas, 2 h at 19°C would decrease the stress index
by 1[ie., 2 x (21-19) x 0.25]. The thermal stress score
does not go below 0, as that level represents a normal
healthy stress-free fish. :

To demonstrate how the model works we applied it
to a two-month record of temperatures from the Madi-
son River in Montana (Fig. 3). We used temperatures
from two locations below a hydropower dam — site
A, which is about 3.2 km downstream of the dam and
reflects the thermal dampening effect of the impound-
ment, and site B, which is 14.5 km downstream of the
dam. The two sites have different degrees of daily tem-
perature fluctuation, 1-2°C at site A vs 4-5°C at site
B. Even though the magnitude of daily fluctuation dif-
fers among the sites, the daily mean temperatures at
the two sites are nearly the same — 19.9°C at site A vs
20.3°C at site B. See Bevelhimer et al. (1997) for a

detailed description of thermal conditions in the Madi-

son River.

Model results indicate that, on average, a fish at the
downstream site (B) would have a stress index that is
2-3 times greater than a fish at the upstream site (A)
even though the difference in mean temperature is only
0.4°C. Until the stress index is related to actual health
effects, such as physiological performance, via labora-
tory experimentation, it is difficult to assign a biologi-
cal meaning to these results.
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2.2. Multiple effects model

The complete thermal effects model also includes the
effects on growth as determined by a bioenergetics
sub-model (Fig. 4). The bioenergetics model has
become a common tool in fisheries science (Adams
and Breck, 1990) and provides a means 10 assess
growth as the difference between the caloric intake
(i.e., food consumption) and energetic costs (i.e., res-
piration, activity, egestion, and excretion). Reduced
growth and poorer physiological condition are long-
term effects of chronic high temperature exposure that
can result in greater susceptibility to other sources of
mortality, such as disease and predation. Most of the
relationships included in the bioenergetics model are
sensitive to changes in temperature, which makes the
model ideal for comparing differences in growth poten-
tial between the two temperature regimes.

The basic equation of the growth portion of the
model is:

Growth(f) = Growth(t — df) + (Food

consumption — Food processing

. @

costs — Egestion — Excretion — Respiration) d¢

Parameters used in the bioenergetics portion of the
model are the same a$ those in Van Winkle et al.
(1997).

Just as there are differences in estimated thermal
stress realized by fish at the two sites, the model also
predicts differences in growth (Fig. 3). Fish at site A,
which had less daily variation, had about 50% greater
growth than fish at site B by the end of the two-month
simulation.

3. Discussion

The effects of fluctuating temperature regimes on
temperature tolerance, thermal stress accumulation
and recovery, and growth are still largely a mystery.
Developing a model that assesses these effects will
require a basic understanding of the relationships
between fluctuating temperature and tolerance, stress,
and growth. These relationships have been investigated
in a variety of laboratory experiments although few
definitive conclusions have been drawn. For example,
studies by Otto (1974), Heath et al. (1993), and Ben-
nett and Beitinger (1997) all found that fluctuating
temperature regimes increased a fish’s tolerance of
high temperatures, while 'a recent study by Currie
(1995) found no such enhancement.

The effects caused by fluctuating conditions can also
be quite complex and not always easily explained.
Greater growth under conditions of greater daily tem-
perature fluctuation as predicted by the model (see
Fig. 3) has also been observed in laboratory studies

Temperature (C)

1 July - 31 August 1990

%0 .> ‘Thermal Stress Index

1 July - 31 August 1990

Fig. 3. Model predictions of thermal stress (top right panel) and growth (bottom right panel) for fish exposed to two thermal regimes (left panels)

of similar mean temperature but different daily variability.

-



(Cox and Coutant, 1981; Konstantinov and Zdano-
vich, 1987). However, the difference in growth under
these conditions is not necessarily just a function of
the amount of variability, but might also be a function
of how near the mean temperature is to stressful levels.
Hokanson et al. (1977) found that temperature fluctu-
ations within the preferred temperature range resulted
in greater growth than constant temperatures with the
same mean, but when the mean of the fluctuating
regime exceeded the optimal temperature range, con-
‘stant conditions resulted in greater growth than did
the fluctuating regime. '

One of the reasons for developing this model is to
provide a tool that can be used to reduce the impact
of power plant operations on fish populations. In
order to be both protective and cost efficient, mitiga-
tive measures need to be more responsive to short-
term changes in plant operations and environmental
conditions. For such a system to be effective, real-time
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monitoring must provide adequate warning for mitiga-
tive measures to be invoked prior to environmental
impact. We believe this model, once fully developed
and tested, will be able to forewarn of impending ther-
mal effects before they occur and also serve as a basis
for implementing effective regulatory criteria.

The model as currently configured still requires
groundtruthing to assign biological meaning to the
thermal stress index. Ideally, the data required for
groundtruthing will come from laboratory experiments
designed to better understand cumulative thermal
stress and the relationships between the magnitude and
duration of high temperature exposure and fish health
effects. In the absence of such directed experimental
data, there exists a large body of literature (e.g., NAS-
NAE, 1973) that describes the effects of exposure to
high temperature on fish mortality that can be used to
calibrate the model. :

We believe the model framework presented here can

content
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Fig. 4. Diagrammatic representation of complete thermal stress model.
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be used to provide a better assessment of temperature
effects at thermal outfalls and dam tailwaters resulting
in (1) better temperature criteria development and (2)
more accurate and timely monitoring. This tool will
allow users to more precisely determine potential en-
vironmental effects and -thus design and implement
corrective measures that directly address specific pro-
blems.
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