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Abstract. —Many mathematical relationships have been used to summarize quantitative infor-
mation about the effects of temperature on rate processes in ectothermic living systems. One of
the more common relationships, which has been used for a century, is here termed the “combined
exponential model.”” An exponential model, as with a first-order chemical reaction, is used to
define a coefficient for a rate at a particular temperature; another exponential relationship (of the
van't Hoff or the Arrhenius form) is then used to relate the coefficients of the rate process to their
respective temperatures. The Arrhenius form has come 10 be preferred over the van't Hoff form.
In ectotherm physiology, the combined exponential model applies when the relevant organism has
not evolved means of compensating biologically for the underlying physicochemical dynamics as
affected by temperature. Here we assess the applicability of the combined model, of the Arrhenius
form, to analogous ccological situations for aquatic ectothermic populations and ecosystems. On
an empirical basis, we find that this combined model has some utility in that it permits approximate

assessments of some ecosystemic effects of climate warming.

Living systems, at whatever level of organiza-
tion, must cope with environmental temperatures
and temperature changes. As ecologists, we gen-
crally do not expect to find that a simple and gen-
eral mathematical expression will satisfactorily
characterize a variety of causal or stimulus-re-
sponse relationships between, say, measures of
some rate processes within a living system and
various environmental temperatures to which the
system may be subjcected. For example, after re-
viewing many mathematical expressions used with
data on rate of fish body weight increase, Ricker
(1979) concluded: ““To date, the most convenient
form for presenting data on growth in relation to
temperature or rations is an empirical table of
smoothed values, or the corresponding graph.™ But
some ecologists, including ourselves, have contin-
ued to apply relatively simple temperature models
for some kinds of ecological processes. We have
used them for descriptive rather than explanatory
purposes. In this paper we sketch some conceptual
bases for such apparently simple models.

Thienemann (1930) and his colleagues applied
the Q,, convention—which is based on a combi-
nation of two simple exponential functions (see
below)—to describe the dependency of certain
limnological rate processes on environmental
temperature. More recently, Woodwell (1983) also
applied the @), concept in terrestrial ecology to
suggest some very general ecosystemic effects of

climate change. We have implicitly used other
versions of the underlying combined model to de-
scribe ecological variables related to fish and fish-
eries at the level of populations and species as-
sociations (Pauly 1980; Schlesinger and Regier
1983). We have also found that the simplest com-
bined model does not apply even approximately
to some kinds of ecological rate processes (Schle-
singer and Regier 1982), as is also apparent with
some physiological processes. In ecological situ-
ations in which the combined model seemed ap-
propriate, it was apparently used pragmatically to
provide a convenient means of summarizing
quantitative information. It was not applied de-
ductively on the basis of some accepted general
theory. Here we explore some conceptual under-
pinnings of what we term the “combined expo-
nential model™ as applied to particular types of
ecological rate processes.

Unless one is quite familiar with the jargon of
a variety of different quantitative conventions, it
may not be apparent that particular analysts ac-
tually have invoked different versions of the same
*combined exponential model,” so we review these
conventions to ¢cxpose the isomorphisms. We pro-
pose some general characterizations of the situa-
tions in which the combined model might apply.
We review some of the many data sets, at several
organizational levels of living systems, for which
some version of the combined model has been
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used. Finally we consider the applicability of the
combined model for assessing the ecological ef-
fects of climate warming.

Fry (1947) developed concepts such as control-
ling and limiting factors in the context of phys-
iological ecology. based in part on earlier work by
Blackman (1905; see McCombie 1960). We ex-
plore the relevance of such concepts for popula-
tion and ecosystemic phenomena as related to the
applicability of the “combined exponential mod-
el.”> We concern ourselves with process rates at
lower levels of organization as part of our reduc-
tionistic analysis of ecological phenomena. We
leave open here the question whether application
of the same combined model at different levels of
organization may be done only by analogy or by
causal connections between levels of organization.

First Exponential Model

Physicists. chemists, physiologists, and ecolo-
gists often use the exponential model for partic-
ular stages or phases of rate processes when tem-
perature and other *‘controlling™ factors are
constant:

IS

Ix 1
a vk ()

or
X, = x,eM-m, (2)

Here, x is the amount of substance that enters into
a reaction, in terms of mass, concentration. etc.
Time is denoted by ; ¢, and 7, are the beginning
and end of a particular time interval. The term &
may be variously called the rate constant, specific
ratc constant, specific reaction rate, relative re-
action rate. rate coefficient. exponential coeffi-
cient, instantaneous rate. etc. The k coefficient may
be greater than zero (with positive sign) with
growth processes and less than zero (with negative
sign) in attrition and decomposition processes.

In chemistry, this model applies to a special
case — the first-order chemical reaction —of a more
general expression for the rate of reaction:

a1_.
dr x"

Here. n denotes the “‘order™ of the reaction; when
estimated empirically, it is found to be an ap-
proximate function of the number of molecules
whose concentrations determine the rate of the
reaction. The first-order chemical reaction, with
n = 1, applies ideally, for example, in situations
where a chemical substance in dilute aqueous so-
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lution reacts with the water to form a different
substance. Water is so abundant that its concen-
tration is essentially constant. and the products of
reaction are too dilute to slow down or interfere
significantly with the reaction as it progresses. The
first-order reaction in physics applies in somewhat
similar situations: for example, when a radioac-
tive clement disintegrates gradually over time, or
a substance diffuses through a liquid or a nonliv-
ing membrane. These elementary considerations
have possible relevance, perhaps only by analogy,
to the subsequent discussion of somewhat com-
parable ecological phenomena.

Models (1) or (2) often appear in a different
guise: to characterize the length of time that it
lakes a particular process to run its course. With
an exponential model like this, in theory, a reac-
tion never quite ends, so some cutoff convention
must be invoked to apply it—say 50% completion
or 99% completion.

Let 7, — t; = At, and Aty s be the time interval
required for 50% completion: a reduction in the
original amount of x by 50%. Then

ﬁ =0.5 = [,k.\m.ﬁ,
X
and
_0.693
Atgs
If - specifies the cutoff convention. then in general
log(1 — z)
k=—"—"
AL (3)

z specifies the percent completion, and Af, the
length of time required to achieve that level of
completion.

We repeat, equations (1), (2), and (3) are ver-
sions of the same model. which is that of the first-
order chemical reaction.

Second Exponential Model

Consider a particular kind of first-order reaction
observed in several different situations in which
all conditions are identical except that the separate
reactions occur at different temperatures. We note
at the outset that a first-order reaction acts “‘nor-
mally” —it is consistent with the underlying model
formulated as (1), (2), or (3) above—only for a
limited range of temperature. The reaction has a
different outcome at temperatures that are too high
or too low. In living systems, the rates drop to
zero, but not necessarily monotonically, at tem-
peratures below and above the “normal® range.
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Within the relevant “normal temperature range”
for a particular type of first-order reaction, the rate
of the process is sensitive to temperature in a way
consistent with the exponential model

k = ac" "M, 4

k is defined as in equations (1), (2), and (3) above,
and a and b are constants. The term f{7) may be
defined in one of two ways (see Cossins and Bow-
ler 1987):

MAT) = temperature in degrees Celsius, accord-
ing to the model of van’t Hoff; or
AT = inverse of temperature in degrees Kel-

vin, according to the model of Arrheni-
us.

The Arrhenius model, but not the van't Hoff
model, has been validated, theoretically and re-
ductionistically. The Arrhenius model may take
the form

k, = Ae ERT, )

T, = absolute temperature in °K, i.e., 273.15 +
T°C; A = frequency factor; £ = energy of activa-
tion of the reaction in joules; and R = gas constant,
i.e., 8.309 J/mol-K. The general relevance of these
terms to physiological rate processes is discussed
in various textbooks in physiology (e.g., Hoar 1966;
Cossins and Bowler 1987).
From equation (5). it follows that

ewt =t~ (£)(2)
o= o{z)

The coefficients ¢ and /» may be estimated by
regression methods.

Consider the length of time for a particular stage
or "stanza™ of a process or developmental se-
quence, such as occurs in the maturation of an
organism, as a function of temperature, according
to the Arrhenius model.

We combine equations (3) and (5):

_log(l - 2 ()
A

=ce

A, ) ©

and
1
log. (A1) = log.c + b(;)

All the terms are as defined above except ¢, which
is a constant.
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The van't Hoff version of this second exponen-
tial model (see below) is considered to be an em-
pirical generalization that may coincidentally pro-
vide an acceptable approximation to the Arrhenius
model (Cossins and Bowler 1987). The approxi-
mation stems from the arithmetic coincidence that
the relationship between temperature in °C and
the corresponding temperature in °K is only mod-
erately curvilinear over relatively short ranges of
temperature within the range of 0 to 40°C (Cossins
and Bowler 1987).

A particular short-hand convention has often
been used with the van't Hoff model. The symbol
Q.o denotes the ratio of the specific rate of a pro-
cess at two temperatures that differ by 10°C.

The basic model is

k, = ae®™,
with 7, in °C. The ratio is
k .
O = =2 = H72 - T = 00},

because T, — T, = 10°C.

Within the van’t Hoff model. Q,, does not vary
with temperature, but it is implicitly limited to
the range of temperature over which the process
acts normally —i.e.. in accordance with the model.
With empirical data, it is usually noted that the
van't Hoff Q,, is not constant over an extended
temperature range and thus the model is taken to
be a rough approximation of the phenomenon un-
der study.

An “Arrhenius Q,,"" may be calculated that ap-
proximates the “*van’t Hoff Q,,.”” The basic mod-
elis

k, = aeT,
with 7 in °K. The Arrhenius Q) is defined by
ky _ a7
kl ¥

T, — T, = 10°K (or 10°C).

As a mathematical expression, the Arrhcnius
Q)0 is not independent of the actual measure of
temperature, which compromises its usefulness as
a convenient rule of thumb. When an Arrhenius
Q)0 is used, as we have done in Tables 1-3 below,
the midpoint or some other descriptor of the rel-
evant 10°K range must be specified.

Combined Exponential Model

The specific rate or &k of the first-order reaction
(equations 1 to 3) has the dimension mass/(mass-
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time). In particular physiological and ecological
applications, a variety of functional surrogates of
mass may be used such as the concentration of a
substance in aqueous solution, the number of en-
tities all implicitly of about the same mass, the
amount of a surrogate such as oxygen used in the
process that results in a change in mass of the
primary substances, heat units produced when the
relevant mass is burned, etc. That an exponential
model has been invoked implicitly may only be-
come apparent after careful analysis of the “‘di-
mensions” of the response variable employed by
the analyst (see further below).

The k from equations (1) to (3), itself a coeffi-
cient in an exponential function, may in turn be
an exponential function of temperature (as with
the Arrhenius model) within the appropriate tem-
perature range. If so, the quantitative analytical
process usually involves two steps.

(1) Each of several k,’s are estimated with the
aid of a semilogarithmic regression equation of a
particular rate process conducted at several tem-

peratures 7,:
log| 22 =kT;
Xil

T,isin °K or °C. and it does not matter here which
temperature scale is used.

(2) The relevant coefficients, a and b, of (say)
the Arrhenius model are derived with a semiloga-
rithmic regression equation:

. . b
log.k; = log.d + —;

N

T, is in °K. The analogous estimation formula for
the van’t Hoff model is

logk; = log.a + BT,

with T; in °C. The a and b coefficients of the van’t
Hoff model differ numerically from the a and b
coefficients of the Arrhenius model.

We labor these elementary considerations here
in order that the way in which we obtained our
estimates for various data sets (see below) is quite
clear.

Alternative Model

An empirical model or rule of “thermal sums”
or “degree-days,” first used by Reamur in 1735,
is in wide use in applied ecology such as agricul-
ture and fisheries. Often there is a low-tempera-
ture threshold for a particular process of a living
system. This threshold is implicitly assigned a val-
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ue of 0 on the temperature scale. For each unit of
time during the period of the process, the differ-
ence in temperature between the average temper-
ature within the time unit and the threshold tem-
perature is estimated, Within time units in which
the average temperature is actually less than 0, a
value of 0 is used. All the positive temperature
differences for all the time units necessary to com-
plete the process are then summed to provide the
estimate of “‘thermal sum” or “‘degree-days.” Thus

t
thermal sum = 2 (T, — Ty,
=l
T, is the mean temperature in °C during day i, T,
is the threshold temperature; and 7, — Ty = 0 for
all T, < T,.

Belehradek (1930) showed that the Reamur rule
is consistent with an empirical generalization by
Krogh (1914) in which the rate of reaction of a
process is directly proportional to temperature (°C)
within the relevant normal range of temperature.
Belehradek (1930) proposed a more general rela-
tionship of the form

ar, = a(T, — Toy ™,

At; being the time period necessary to complete a
process at temperature 7, in °C; here a and b are
empirical constants. Belehradek (1930) showed
that the Reamur and Krogh relationships were
special cases of his relationship, i.e., with b= — 1.
These models are apparently based on empirical
generalizations rather than on reductionistic the-
ory. Complex corrections may be developed to
apply the thermal sums model with some accuracy
to particular situations in agriculture (Neild et al.
1988). Both the Reamur and Belehradek models
are used in fisheries studies. We do not consider
them further here because we do not know of any
reductionistic theoretical concepts on which they
may be based. We imply no criticism of their util-
ity by disregarding them in what follows here.

Controlling and Limiting Factors,
Log-Phase Processes

Consider again the first-order reaction of equa-

tion (1):

dx 1

=k

dt x
In realistic situations, various phenomena can in-
fluence the x variable to complicate the process.
For example, there may be interference (structural

rather than thermodynamic interference) with the
supply of x, or products of the process may act to
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interfere with the subsequent part of the process.
Such scarcity or interference may be termed “lim-
iting” and the corresponding influence a “‘limiting
factor.”

Alternatively, there may be phenomena that act
directly on the rate, in effect, to alter k indepen-
dently of any limiting factors. Our second expo-
nential model above—whether in the van't Hoff
or Arrhenius version—is a prototypical case in-
volving temperature as a ‘‘controlling factor.”
Other examples of controlling factors, say on the
ecological processes of aquatic animals, include
effects of alkalinity or salinity or light intensity
(Fry 1971).

In physiology and ecology, the phenomenon of
*log-phasc growth,” or “log-phase attrition,” is
observed in particular circumstances. Explicitly or
implicitly the model for the first-order reaction is
usually invoked to characterize such a log-phase
phenomenon. That this has been done may only
be evidenced in the units selected for the partic-
ular version of the “specific rate” used. The mea-
sure of the specific rate thus estimated is then often
described as an exponential function of tempera-
ture, etc.

In the simplest situation, a log-phase phenom-
enon and a good fit with the combined exponential
model can be expected with some physiological
and ecological processes in which the most im-
portant input (resources) or output (wastes) factors
are not limiting the rate of progress of the process.
When the specific rate of a process at different
temperatures is found to be an exponential func-
tion of temperature (e.g.. the Arrhenius model),
other controlling factors are either constant over
the temperature range or are themselves exponen-
tial functions of temperature of a form generally
tsomorphic with the Arrhenius model.

Processes that approximate log-phase growth
may be noted in early stages of some ecological
processes—in the growth in mass of individual
fish during the early weeks of life, in the growth
in biomass of pelagic algae after spring turnover
in a lake, etc. Models of an entire cycle of a living
system —of biomass as a function of time, for ex-
ample—are usually of a sigmoid type in the first
*half™ of the life cycle, with the “response curve”
falling eventually to zero at the end of the tem-
poral cycle. The sigmoid part of such a cycle may
start with a stage that is approximately logarith-
mic or exponential in form. Unconstrained or
log-phase growth is eventually superceded by di-
minishing growth due to internal and external
“constraints™ typical of maturation within the
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growth process, or to “‘environmental resistance”
due to other processes in the larger system; this in
turn is superceded by “‘senescence™ and *“‘death.”

Natural or cultural perturbations may interfere
with “maturation” of a process and tend to con-
tain it within a log-phase state dominated by r-type
species (Rapport et al. 1985). Here, r-type species,
in contrast to K-type species, have relatively little
self-regulatory capabilities at the population level
and do not enter into interspecific associations that
involve close interrelationships. The turnover
phenomena in dimictic lakes, and the resulting
pronounced seasonality, may act to maintain such
aquatic systems in a state that approximates a log-
phase state of development for major periods in
an annual cycle; strongly K-type species may be
absent or subdominant in such systems (Dob-
zhansky 1950; Ricklefs 1973). This may provide
a partial rationale for the apparent usefulness of
the combined exponential model for some eco-
systemic processes in lakes, as found by Thiene-
mann (1930) and as shown here in a subsequent
section,

Criteria for Use of the Combined
Exponential Model

In the foregoing section, we have reviewed gen-
eralizations and abstractions relating to *‘simple
theory™ as reflected in the conventional combined
exponential model and such concepts as “*limiting
and controlling factors™ and “log-phase growth.”
Here, we sketch some general features of real-life
situations in which the models related to this
*simple theory,” of only approximate accuracy.
may have some usefulness. We seek criteria that
apply at various levels of organization, and thus
will refer here to *‘living systems” rather than, say,
to cells, organisms, populations, or ecosystems.

A system must have the following properties if
it is to resemble a first-order reaction.

(1) The system’s rate process of particular in-
terest to the analyst is limited only by dynamic,
not structural, phenomena with respect to the
availability of necessary inputs or resources, and
it is unaffected by the build-up of harmful outputs
or wastes.

(2) The system does not possess, or does not
exercise, a capability to adjust its rate processes
with respect to potentially limiting resources or
wastes, at least in the relevant stanza of its overall
“life span.”

(3) The system is not in an advanced state of
maturity, as occurs with aging of a complex or-
ganism and attainment of sexual maturity or with
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ecological succession of an ecosystem and attain-
ment of dominance by K-type species.

(4) The system may be periodically perturbed
or stressed by natural or cultural factors that in-
terfere with self-regulatory capabilities and induce
some quasi-rejuvenescences. (Perturbations and
stresses generally cause greater harm to older or-
ganisms within a population and to K-species
within an ecosystem, thus favoring conditions for
log-phase growth of young individuals and of pop-
ulations of species; see Dobzhansky 1950; Rap-
port ¢t al. 1985; etc.)

A system characterized by the Arrhenius model
has the following properties.

(1) The system does not have, or does not ex-
ercise within the life stanzas of interest, a capa-
bility to adjust its own temperature, in contrast to
the physiological or behavioral influences on pro-
cesses that organisms can exert. Thus, the system
is ectothermic, within the range of temperatures
of interest to the analyst, and the process rate of
interest is ‘‘controlled™ by external or environ-
mental temperature.

(2) The system’s process rate of interest to the
analyst is controlled thermodynamically and is not
strongly affected positively or negatively by other
controlling processes whose rates exhibit mark-
edly different temperature dependencies.

We note that very small organisms and juvenile,
immature, or early successional life stanzas of a
living system generally have a lesser capability than
do larger organisms and mature states for internal
temperature control by physiological, behavioral,
or other “‘self-organizational” means. At the eco-
system level, large K-type plant species may act
to effect partial **control” on temperatures below
the canopy in both terrestrial (Grime 1979) and
aquatic systems. Thus the responses 10 tempera-
ture of integrated processes within more *““mature™
systems are not likely to be characterized well by
the Arrhenius model.

Introduction to the Review of Data Sets

We have conducted a search of literature from
many sources for information relevant to our issue.
We used three main guidelines for selecting infor-
mation:

* the author(s) had used the exponential model,
explicitly or implicitly, for a process that bore some
resemblance to a first-order reaction or to log-
phase growth at constant temperature;

* the author(s) had used the van’t Hoff, Ar-
rhenius, or semilogarithmic model to relate a
“specific rate” to different temperatures; or
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« the author(s) had explicitly or implicitly used
the combined model and had calculated specific
rates as a function of temperature for living sys-
tems within situations like those sketched in the
preceding section.

We have summarized sclected data sets of po-
tential interest to ecologists in Tables 1 to 3 and
Figures 1 to 12 below. Those presented in the
tables and figures do not constitute a biased subset
of all the data sets which we examined, so far as
we can determine. We used the midpoint of the
range of temperatures reported by the original au-
thors as the midpoint of the 10°K range for the
Arrhenius Q) ratio. Table | and Figures 1 and 2
relate to organismal physiology, Table 2 and Fig-
ures 3-8 relate to population dynamics, and Table
3 and Figures 9-12 relate to ecosystem dynamics
(sensu latu).

The data shown in Tables | and 2A and in Fig-
ures 1-5 were derived from experiments in which
the temperature within different trials was held
constant. All the other data are from field obser-
vations in which temperatures varied seasonally.
For the field observations, we used mean annual
temperature as the independent variable. In most
cases, mean annual air temperature was used as
an estimate of the relevant mean annual water
temperature because sufficient data on which to
base the mean annual water temperatures were
not available (Schlesinger and Regier 1982, 1983).

We recognize that mean annual temperature,
whether of water or at nearby air stations, is at
best a very approximate measure of what is ac-
tually relevant to aquatic ecological processes (e.g.,
see Pauly 1980; Schlesinger and Regier 1982,
1983). It seems unlikely to us that any single num-
ber, however the variable might be defined, would
be anything but approximate in such situations.
Yet we suggest that a variable like the one we used
is better than nothing.

Parenthetically, we are exploring complemen-
tary approaches to an understanding of the eco-
logical effects of temperature, especially with re-
spect to phenomena in which evolutionary
adaptation is apparent. Thus we are exploring the
concept of thermal habitat niche for separate
species (Magnuson et al. 1979, 1989; Christie and
Regier 1988).

The history of the use of the combined expo-
nential model in physiology is well known to some
academic physiologists. The corresponding his-
tory at the population and ecosystem levels—with
respect to the issue of temperature dependence of
specific rates—is not well known.
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TasLE |.—Regression equations relating some physiological rates of fish to absolute temperature (7, °K); loge{rate)
= a + b(1/T). Egg incubation period extends from fertilization period to 50% hatching. All regression slopes are
significant at £ < 0.005. except an asterisk denotes P < 0.05*. The Arrhenius Q)¢ is specified for the midpoint of

the temperature range.

Regression

Temperature
Species Common name a b N r range (°C) @0 Source?
Standard metabolic rate, mg Oy/(kg-h)
Oncorhynchus mykissb< Rainbow trout 23.66 —5.602 5 0.95 5-25 20 1
Oncorhynchus mykissd Rainbow trout 19.48 -4,391 5 0.96 5-25 1.7 1
Oncorhynchus nerka Sockeye salmon 27.08 -6,519 5 0.96 5-24 2.2 2
Carassius auratus® Goldfish 36.27 -9,295 7 0.95 5-35 2.2 3
Carassius auratus Goldfish 27.71 -7,076* 4 0.97 10-35 23 4
Cyprinus carpio Common carp 27.04 -6,812 S 0.98 10-35 2.2 5
Salvelinus namaycushe-! Lake trout 28.93 -17.020 18 0.81 9-23 1.9 6
Salvelinus namaycush®® Lake trout 40.51 -10,487 14 0.89 9-23 2.5 6
Egg incubation period, d
Oncorhynchus spp. Pacific salmon —-31.50 9,928 53 0.90 2.8-12.0 3.5 7
Salmo spp. Trout —28.29 9,108 7 0.99 5.2-12.0 3.2 7
Salvelinus fontinalis Brook trout —32.58 10,328 41 0.99 1.6-14.8 3.7 8
Salmo trutta Brown trout ~40.80 12,607 29 0.99 1.9-11.2 5.0 8
Oncorhynchus mykiss Rainbow trout —-35.58 11,069 23 0.97 3.2-15.5 4.0 8
Salvelinus namaycush Lake trout -35.66 11,196 7 0.98 1.8-10.0 4.2 8
Coregonus artedii Lake herring -49.66 15,098 14 0.99 0.5-10.0 7.0 9
Coregonus clupeaformis Lake whitefish -4297 13,127 6 0.99 0.5-10.0 5.4 10
Cyprinodon macularius Desert pupfish -3042 9,683 33 0.92 13.0-35.8 2.9 11
Various fish stocksh -26.60 8,015 140 0.83 2.8-29.5 2.5 12

3 Sources of data: 1 —Dickson and Kramer (1971). 2—Brett (1964); 3—Fry and Hart (1948); 4— Beamish and Mookherjii (1964);
S—Bcamish (1964); 6—Gibson and Fry (1954); 7—Crisp (1988); 8—Embody (1934); 9—Colby and Brooke (1973); 10— Price (1940);

11—=Kinne and Kinne (1962); 12—Pauly and Pullin (1988).
b Formerly Salmo gairdneri.
¢ Hatchery-reared fish.
4 Wild fish.
< Data were converted from cm? Oy/(kg-h) 1o mg Oy/(kg-h).
f One-year-old fish.
& Two-year-old fish.

h Dependent variable is the residual from the regression of development time against egg di

and envirg | temperature,

and was calculated from the multiple regression as follows: residual = logtime period) — 0.5965(log.[egg diameter]).

Physiological Ecology of Aquatic Ectotherms

The first-order chemical reaction has long been
used as a model for catabolic losses under stan-
dard conditions, as with the standard metabolic
rate (Table 1). Thus Krogh (1914) used the ap-
proximation

Ax 1

At £
Ax was a change in mass due to catabolism or its
covariate such as cubic centimeters of oxygen con-
sumed within a time interval such as an hour; the
ratio Ax/At was divided by the estimated mean,
X, of the organism’s mass during the time interval
of the experiment.

Much of the early discussion in the physiolog-
ical literature on ectotherms was in terms of the
van't Hoff Q,, measure. The Arrhenius relation-
ship is now preferred over the van’t Hoff by some
physiologists such as Hoar (1966) and Winberg

(1971), but the van’t Hoff model is still commonly
used.

Ecology of Aquatic Ectotherms

Buschkiel (1931), Ruttner (1931), and others
used the van’t Hoff concept to explain differences
in limnological features of tropical and temperate
lakes. They applied the concept to the rate of
growth of fish and age of maturation, especially of
common carp; to the rate of decomposition and
mineralization of dead plankters; to the frequency
of reproductive divisions and length of the life
cycle of plankters; to the rate of ecological pro-
duction in the trophogenic zone and rate of oxygen
depletion in the hypolimnion following stagna-
tion; and even to trophic status.

The authors of the studies summarized in Ta-
bles 2 and 3 and Figures 3-12 used a formula for
the rate process that was broadly consistent with
the model for the first-order reaction (one excep-
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FiGURE 1.—Arrhenius plot of the length of the egg
incubation period (days from fertilization to 50% hatch)
against the inverse of absolute temperature (7, °K) for
brook trout Salvelinus fontinalis. Data are from Embody
(1934); In = log.. Incubation periods range from 28.0 to
142.5 d and temperatures range from 14.8 to 1.64°C.

tion is mentioned below). With respect to the tem-
perature effects on the specific rates, many recent
authors relied on the van’t Hoff model, but some
have chosen the Arrhenius model; see for exam-
ple, Goldman and Carpenter (1974) as in our Fig-
ure 4, Ivleva (1980), and Tseitlin (1980).

In fisheries, the expression for a first-order re-
action has been applied as a rough approximation
10 certain population processes, notably by Ricker
(1975). Thus

aw |
da W G
W’ is the average mass of individual fish at some
point in a stanza of a cohort’s life cyle, and G is
the instantaneous rate of growth or specific rate of
growth. Figure 5 provides an explicit example, and
Figure 6 an implicit example.
Similarly,

dN 1

dt N
N is the number of fish and M is the instantaneous
rate of natural mortality. Figures 7 and 8 provide
examples; see further discussion below.
With appropriate simplifying assumptions,

B = Nw;

B is the biomass of the cohort.
The simplest model related to fishery yield,
Y, is

-M:

ar 1 _
dr B
F is the instantaneous rate of fishing mortality.

The simple models sketched above are seldom
used now because more realistic and more com-

F,
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Residual = -26.6 + 8015(1/T)
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FiGURE 2.-Arrhenius plot of the residuals from the
regression of egg development time to hatching against
egg diameter plotted against the inverse of absolute tem-
perature (7, °K) for various pelagic marine fish stocks.
Residuals were calculated as follows: residual =
log.(observed) — log.(expected); log,(expected) is
log(development time) — 0.5965 log(egg diameter). Data
are from Pauly and Pullin (1988). Development times
range from 0.38 to 16.0 d and temperatures range from
30.1 10 4.3°C.

plicated expressions have been found for growth,
mortality, etc. But fish associations that are nat-
urally perturbed or heavily stressed due to inten-
sive fishing or other cultural influences tend 10 be
dominated by young and small fish such as clu-
peids, as shown in Figure 7. For them, Ricker’s
(1975) simple models are less unrealistic than they
would be for older and larger fish.

Under conditions that are in approximate equi-
librium, and with several year-classes of a species
contributing to a fishery,

AY 1 _

At B F

AY is the sum of the landings within a relatively
short time interval Ar, and B is the equilibrium
biomass of fish within the life stanza in which they
animals are vulnerable to the fishery. See Pauly
(1984) for examples of this application.

Continuing with the rather simplistic theoreti-
cal argument, under conditions of maximum sus-
tainable yield, MSY,

Fusy = aM

according to Gulland (1971), Beddington and
Cooke (1983) and Pauly (1984). Thus

AY 1

—_—=q

At B

If the biomass of a fishable stock is evenly dis-
tributed over the arca of the stock’s habitat, then
for comparative purposes

B = bH,;
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TabLE 2.—Regression equations relating population processes to absolute temperature (7', °K); log{rate) = a +
b(1/T). All regression slopes are significant at P < 0.05, except an asterisk denotes nonsignificance (P > 0.05%).
The Arrhenius Q)¢ is specified for the midpoint of the temperature range.

Regression

Temperature
Organism a b r? N range (°C) Qo Source®
Growth rates, in terms of mass or number
Algac® 30.44 -9.268 0.51 21 10.0-41.0 29 1
Algac® 22.36 -6,472 0.81 26 13.5-39.2 21 2
Protozoad 26.56 -7,542 0.98 4 14.0-26.0 24 3
Stoncfly nymphs¢ 62.14 -17.127 0.78 18 0.4-10.2 9.0 4
Common carp’ 25.23 -1.772 0.56 52 15.6-26.4 2.5 5
Developmental period
Fish stockss -19.21 6.018 0.35 12 7-28 20 6
Stizostedion vitreumh ~9.063 3,659 0.75 20 -9.4-20.5 1.6 7
Mortality rate!
All stocks 14.60 -4,369 0.23 175 5-28 1.7 6
Freshwater fish 20.11 -5,833 0.24 30 5=27 2.0 6
Marine fish 14.99 -4,504 0.26 145 5-28 1.7 6
Scombridae 40.48* -12,068* 0.11 17 15-28 4.0 6
Clupeidae 15.47 -4,683 0.40 16 8-27 1.7 6
Gadidae 48.00 -13,723 0.42 17 5-12 5.6 6
von Bertalanfly parameters and environmental temperature
All stocksl logeM = 11.55 — 2,968(1/7) — 0.310 logalw + 0.6266 log.K 6

R =0.73; r,2 = 0.04; ry? = 0.03; r32 = 0.65; N = 175

 Sources of data: |1 —Fogg (1966); 2—Goldman and Carpenter (1974); 3—Caron et al. (1986); 4—Brittain (1983); 5—Knyazev
(1987). 6—Pauly (1979, 1980); 7—Colby and Nepszy (1981).

b Data represent growth rate constants (per day) for planktonic and nonplanktonic algal populations grown in continuous light
that was approximatcly saturating for photosynthesis.

€ Maximum specific growth rate (doublings/d) for freshwater and marine algae grown in continuous culture experiments. The
equation was taken without change from the source.

d Data are population increases expressed as cell number/d and are derived from experi on Phaeodactvium tricornutum.

¢ Data are mean specific growth rates (% mass increase/d) for four species of stonefly (Plecoptera) from a Norwegian mountain
lake.

 Data are specific rates of weight increase for age-0 fish.

& Data represent longevitics of fish stocks approximated by the formula 1, = (3/K) + 1o K and 1o are von Bertalanffy growth
parameters (sce footnote j).

h Age at which 50% of female walleyes are sexually mature as estimated from probit paper.

i Data represent instantancous natural mortality rates, M.

) M = instantancous rate of natural mortality; L, = asympitotic length as determined from Ford-Walford plots; W_ = asymptotic
weight corresponding to L.; K = von Bertalanffy growth constant determined from Ford-Walford plots; r,2, r,2, and r3? = fractions
of variability explained by independent variables 1, 2, and 3, respectively.

b is the standing crop per unit area of habitat and M = Ae~E/RT,

H is the area of habitat. Hence, . Lo .
The latter relationship is fitted to mortality data

from fish stocks in Table 2C and Figures 7 and 8.
The terms a and b in the preceding four equa-

If the production processes upon which a fishery
depends are roughly analogous in form to a first-
order chemical reaction with respect to what is of
concern here, and if the relevant specific rates G
and M are affected by temperature according to
the Arrhenius model, then the following expres-
sions should apply:

aY 1
At bH

= a(Ae~ERT),

aM

and

tions are empirical proportionality coefficients
specific to the particular application; these terms
are not as defined in equation (4) above.

Further to Figures 7 and 8, Pauly (1980) pre-
sented two empirical models for estimating the
exponential natural montality coefficients of fish
stocks from their von Bertalanffy growth param-
eters and environmental temperature. We fitted
the Arrhenius relationship to his data set (Table
2). When we divided Pauly’s (1980) data set into
marine and freshwater stocks and families, the re-
sults (Table 2) were similar to those of all stocks
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in B = 30.44 - 9268(1/T)
r=071,N=21
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FiGURE 3.—Arrhenius plot of algal growth rate con-
stants (B) from populations grown in continuous light
that was approximately saturating for photosynthesis
against the inverse of absolute temperature (7, °K). Data
are from Fogg (1966); In = log. Growth rate constants
range from 0.087 1o 3.55 and temperatures range from
41 to 10°C.

combined. The Arrhenius relationships were sta-
tistically significant in all cases except for the
Scombridae. The total variability explained by
temperature (23-43%) within this set of relation-
ships is considerably less than in the other sets
that we have examined; this may be due to the
wide range of fish sizes in Pauly’s data set, and to
the empirical observation that M is strongly cor-
related with size. Results of the analysis shown in
Table 2 and in Figure 8 are consistent with this
hypothesis.

Yields for individual species at different tem-
peratures apparently do not fit the Arrhenius model
well (Schlesinger and Regier 1983). The Arrhenius
relationship should, we suggest, be applicable to
combined yield or production from a set of dif-
ferent species of a lake that are somewhat similar
ecologically but with different temperature opti-
ma; this was found to be so with the four ecolog-

20
In{Growth Rate) = 22.36 - 6472(1/T)

ts t=090,N=26
g0t
&
g 05
[
Toof ~

-1.0 - s - L

320 325 330 335 340 345 350

10T

FiGUrEe 4.— Arrhenius plot of population growth rates
(doublings/d) of freshwater and marine algae grown in
continuous culture against the inverse of absolute tem-
perature (7T, °K). Data are from Goldman and Carpenter
(1974); In = log.. Specific growth rates varied from 0.48
to 5.65 and temperatures ranged from 39.2 to 13.5°C.
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FIGURE 5.— Arrhenius plot of the specific rate of weight
increase of age-0 common carp against the inverse of
absolute temperature (7, °K). Data are from Knyazev
(1987); In = log,. Rate data vary from 0.136 to 0.555
and temperatures range from 26.4 1o 15.6°C.

ical groups in Table 3 and shown in Figures 9-12.
In such cases, the niches of the species overlap so
that some interspecies compensation can occur
within the range of temperature.

Zooplankton biomass was used as a surrogate
measure of production because production has
been found empirically to be a semilogarithmic
function of standing crop (Morgan et al. 1980).
(This was the exceptional case flagged in the ear-
lier discussion above.) Mean annual air temper-
atures for the phytoplankton and shrimp data sets
were taken from Wernstedt (1972).

The Arrhenius relationship provided statisti-
cally significant fits to data sets for four distinct
ccological groups in Table 3. Both the shrimp and
fish equations are reparameterizations of relation-
ships provided by Schlesinger and Regier (1982)
and Turner (1977), respectively. The fits (based

0 age = -9.063 + 3658(1/T)
a6}
4
§ 42
€ 40
8
6 h .
34 / s |
34 s 36 a7 38

10°7"

FiGURE 6.— Arrhenius plot of the age of sexual ma-
turity of female walleyes against the inverse of absolute
mean annual air temperature (7., °K). Data represent age
at which 50% of the females in a given population are
sexually mature, as estimated by probit analysis of Colby
and Nepszy's (1981) data; In = log,. Age data vary from
31.2 to 108 months and temperatures range from 20.5
to —9.4°C.
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In M = 15.47 - 4683(1/T)
¢+ 0.63,N=16
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FIGURE 7.—Arrhenius plot of the instantancous nat-
ural mortality rate (M) of some species of Clupeidae
against the inverse of absolute environmental temper-
ature (7, °K). Data are from Pauly (1980); In = log,.
Mortality rates range from 0.16 to 1.12 and tempera-
tures vary from 27 to 8°C.

on r? values) to the shrimp and fish data sets are
slightly better based on the Arrhenius formulation
than the fits based implicitly on the van't Hoff
approximation as reported by Schlesinger and Re-
gier (1982). Mean annual air temperatures were
not significantly correlated with zooplankton bio-
mass but mean epilimnion temperatures given by
Patalas (1975) were significantly correlated: this
may account for the greater total variability ex-
plained by temperature in the zooplankton data
set.

Attempts to relate rates of primary production
in natural water bodies to external environmental
factors have shown that such rates are related sta-
tistically to both insolation and temperature (Bry-
linsky and Mann 1973; Brylinsky 1980). The sep-
arate roles of these two factors have long been of
interest (e.g.. sec Blackman 1905). We have not
found a study in the literature in which the sep-
arate effects of temperature and insolation oper-
ating in the field have been clearly distinguished
with respect 1o photosynthesis in natural aquatic
systems. Careful laboratory studies with particular
species have been reported (e.g., Schlesinger 1980;
Schlesinger et al. 1981). Part of the problem in
attempting to explicate primary production in the
field concerns the rapid seasonal succession that
occurs within water bodies, different algal species
being adapted to different ranges of insolation and
temperature.

In general with respect to the relationships in-
cluded in Table 3, the coeflicients that relate some
form of ecological production to temperature like-
ly also include effects due to insolation. The data
set for each of the four relationships covers a range
of latitudes and hence refiects differences in tem-
perature and insolation (as well as other factors).
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FIGURE 8.~ Arrhenius plot of the residuals from the
regression of mortality rate (M) against von Bertalanffy
growth parameters (L = length; K = growth coefficient)
plotted against the inverse of absolute environmental
temperature (7, °K). Residuals were calculated as fol-
lows: residual = log,(observed) — log,(expected);
log.(expected) is log. M + 0.310] log.L — 0.6266 log. K.
Data are for marine and freshwater stocks from Pauly
(1980). Temperatures range from 28 to 5°C.

We have searched without success for data on
aquatic ecosystems at different altitudes (and hence
at different temperatures) within a small geo-
graphic region (and hence at approximately con-
stant levels of insolation). We expect that a coef-
ficient based on field data but strictly limited to
temperature effects will be smaller than a coeffi-
cient within which differential insolation effects
are also contained. Hence we judge that the nu-
merical values of the temperature coefficients of
the expressions in Table 3 are biased upwards by
the hidden insolation effects.

Comments About the Combined
Exponential Model

Our paper focuses on certain ectothermic phe-
nomena in freshwater ecosystems; for whatever
reasons, these phenomena do not reflect a capa-
bility by the system to compensate for tempera-
ture change. For measuring growth or attrition of
the biomass, or of some surrogate measure of bio-
mass of a living system, biologists often estimate
a rate or coefficient of the general form

&@1_,
dr x

Among biologists, laboratory-oriented physiol-
ogists are generally informed as to the situations
in which the combined model may have some
approximate realism, as are field-oriented phys-
iological ecologists. Comparable competence
among ecologists seems to be rare by comparison;
perhaps ecologists do not look for real-life sit-
uations or conceptual simplifications in which such
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TaABLE 3.—Regression equations relating ecological rates to absolute temperature (7, °K).2 All regression slopes
are significant (P < 0.001). The Arrhenius Q¢ is specified for the midpoint of the temperature range.

Group Equation Qo Source®
Temperate freshwater log,MSY = 29.74 — 8,115.4(1/7) + 0.4895 log.MEI;s 26 1
fish yield =083 r?=0.74; ;2 = 0.09; N = 43
Temperature range: —5.2~-25.6°C
Penaeid shrimp log SCSY = 52.00 - 14.312(1/T) 53 2
yield P =034 N =27
Temperature range: 16.9-28.3°C
Phytoplankton loge!® = 44.40 — 11,308(1/7) + 0.2908 log.MEl>s 3.7 3
production r? =058 n2=0.51;r? =006 N=32
Temperature range: - 16.2-15.3°C
Crustacean plankton logZB = 40.91 — 12,074(1/EPTEMP) + 0.4080 log.MEl>s 4.0 4

biomass

r=092r2=

0.89;r,2 =0.03; N= 14

Temperature range: 4.0-23.5°C

3 Symbols and units as follows: MSY = maximum aggregate sustainable yield in kg/(hectare-year); SCSY = stabilized commercial
shrimp yield, kg/hectare of intertidal vegetation; 1° = primary production in g C/(m?-year); ZB = zooplankton biomass during the
summer in wect weight mg/L: 7 = absolute mean annual air temperature, °K; EPTEMP = absolute mean epilimnion temperature,
°K; MEI;5 = morphocdaphic index for maximum mean depth of 25 m; {2, ry2 = fractions of variability explained by the first and

second independent variables, respectively.

b Sources of data: 1 —Schlesinger and Regier (1982). 2—Turner (1977); 3—Oglesby (1977); 4—Patalas (1975).

reductionistic models might apply. But some ecol-
ogists have reported studies in which they have
implicitly used empirical conventions consistent
with the first-order reaction model and the van't
Hoff or Arrhenius models (see Tables 2 and 3).

When we found data on rate processes broadly
consistent with a first-order reaction model sum-
marized as a van’t Hoff function of temperature,
we fitted the Arrhenius model and generally ob-
tained a closer fit to the data.

We have summarized above some empirical in-
formation that is consistent with the limnological
generalizations of Thienemann (1930) and his col-

Residual = 29.74 - 83115(1/T)
3 _ r«083,N-43

Residual

1
33 34 35 36
10’7’
FIGURE 9.—Arrhenius plot of the residuals from the
regression of mean annual (maximum sustainable) fish
yield (MSY. kg/[hectare-year]) against the morpho-
edaphic index for a maximum mean depth of 25 m
(MEI,;,) plotted against the inverse of mean annual air
temperature (7, °K). Residuals were calculated as fol-
lows: residual = log, (observed) — log, (expected);
log.(expected) is log MSY — 0.4898 log MEI,,. Data are
from Schlesinger and Regier (1982). Temperatures range

from 25.6 to —5.2°C.

37 38

leagues. Also our data on aquatic ratec phenomena
are broadly consistent with generalizations con-
cerning terrestrial ecological processes by Wood-
well (1983). Our approach is related conceptually
to the physiological ecology of Fry (1947), the r
and K concepts of Dobzhansky (1950), and the
population dynamics of Ricker (1975). the latter
as extended by Pauly (1980). The combined ex-
ponential model provides a kind of null hypoth-
esis in that it assumes the absence of biological
organization beyond the underlying chemical (or
biochemical) processes, at least with respect to
temperature factors.

We propose three tentative generalizations that
may be tested by theoretical ecologists and used
with due caution by applied ecologists.

In{Shrimp Yieid) = 52.0 - 14312(1/T)
[ : =058 N=27

in{Shrimp Yielks)

2 4. A -
3.30 332 334 3.36 338 340
w0t

FiGURE 10.—Arrhenius plot of penaeid shrimp yield

(kg/hectare of intertidal vegetation) against the inverse

of mean annual air temperature (7. °K). Data are from

Turner (1977) and Schlesinger and Regier (1982): In =

log,. Shrimp yields range from 7.86 to 472 kg/hectare
and temperatures vary from 28.3 to 16.9°C.

342 A 346
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FiGURE 11.—Arrhenius plot of the residuals from the
regression of phytoplankton primary production (g
C/[m?-y]) and the morphoedaphic index for a maximum
mean depth of 25 m (MEI,;s) plotted against the inverse
of mean annual air temperature (7, °’K). Residuals were
calculated as follows: residual = log.(observed) -
log(expected); log.(expected) is log.(primary produc-
tion) — 0.2908 log, MEIl,,. Data are from Oglesby (1977).
Primary production ranges from 4.1 to 3,285 g C/(m?:
y) and temperatures vary from 15.3 to —16.2°C.

(1) At all levels of organization, from an en-
zyme-driven chemical reaction in a cell (data not
shown above) to ecological production in an eco-
system, systemic situations occur in which the first-
order reaction model combined with the Arrheni-
us model is useful (perhaps only as an analogue).

(2) The higher the frequency of strong natural
perturbations or strong cultural stresses in ecosys-
tems, the more frequent or general will be the sit-
uations in which the combined model is likely to
apply. The greater the amplitude of natural tem-
perature-related perturbations in a system, the
stronger the systemic responses are likely to be,
and the greater the scope for application of the
combined model.

(3) When the combined exponential model ap-
plies, we expect that the underlying ecological pro-
cess is consistent with r-type dynamics. hence
K-type processes (and the relevant species, etc.)
must be subdominant to the r-type processes.

Application to an Assessment of
Climatic Warming

According to presently available scenarios, tem-
perature changes due to the greenhouse effect will
be smallest at the tropics and greatest near the
poles (Hansen et al. 1988; Hengeveld 1990, this
issue). The ccological effect, with respect to rate
proceses of the kind discussed above, should be
approximately an exponential function of tem-
perature change. For such processes, we may ex-
pect minor changes near the tropics, moderate
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FIGURE 12.—Arrhenius plot of the residuals from the
regression of zooplankton biomass (wet weight, mg/L)
and the morphoedaphic index for a maximum mean
depth of 25 m (MElI,;) plotted against the inverse of mean
epilimnion temperature (7, °K). Residuals were calcu-
lated as follows: residual = log,(observed) -
log{expected); log.(expected) is log.(zooplankton bio-
mass) — 0.408 log. MEI,;. Data are from Patalas (1975).
Zooplankton biomass ranges from 0.07 to 3.81 mg/L
and temperatures vary from 23.5 to 4.0°C.

changes in midlatitudes, and quite pronounced
changes in high latitudes.

Whether the increase in r-rates will lead to a
corresponding increase in ecological production of
the type valued by humans is, as yet, uncertain.
It should do so in ecosystems in which r-processes
are now dominant over K-processes, and in which
all materials of primary importance to the ecolog-
ical production process are charged into the eco-
system at comparable advanced rates with climate
warming. The general assessment by Woodwell
(1983) may presuppose that terrestrial ecosystems
will do so, though there is concern that photosyn-
thetic and hence anabolic processes may respond
1o a lesser degree than some catabolic processes
to climate warming (Houghton and Woodwell
1989).

Comparative studies of similar aquatic ecosys-
tems across a wide range of latitudes, as reported
here, provide results that are consistent with a
general increase with climate warming of all major
productive processes that contribute to primary,
secondary, and tertiary ecological production. But
little confidence can now be placed on such an
“optimistic™ assessment; the relevant science is at
a very immature stage.

Much of any increase in production due to cli-
mate warming may occur because of a shift of
dominance among the native species in favor of
those that are adapted to warmer conditions. In-
vasions of warm-adapted species from elsewhere
may also occur and some native cold-adapted
species will likely be extinguished locally (Man-
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drak 1989). Further, if the climate warming will
lead to greater temperature fluctuations season-
ally, r-type species may be favored over K-type
species.

Within the ecological seasonal succession that
occurs after the spring overturn of the water mass,
the tempo with which the relatively more ther-
mophilic species succeed the more thermophobic
species may increase with climate warming. The
summer stagnation period may be longer. If cli-
mate warming leads to a reduction in the rate of
flow of water from lakes, the effect on the trophic
status would be in the direction of eutrophy (Vol-
lenweider 1968). Plankters that drop out of the
trophogenic zone may be decomposed faster, and
oxygen depletion of the hypolimnion may occur
carlier and persist longer in basins of the appro-
priate morphometry and water renewal rates (Vol-
lenweider 1968). Anaerobic decomposition may
then proceed more rapidly in the appropriate an-
oxic limnological situations, leading to production
of harmful gases such as methane and hydrogen
sulfide. These rather speculative assessments are
consistent with comparative generalizations by
Thienemann (1930) and his colleagues.

We suggest that climate warming may have a
general effect in some *vulnerable™ waters that
superficially resembles eutrophication caused by
nutrient enrichment. This “‘eutrophogenic phe-
nomenon” joins a number of others, such as a
reduction in mean depth of the water body, a re-
duction in the rate of flow of water through the
water body, a shift in dominance of organisms
from the larger K-type species to the smaller r-type
species, and so on (Vollenweider 1968; Ryder et
al. 1974; Rapport et al. 1985; Regier et al. 1988).
If any of these other factors change in a “vulner-
able” water body during the onset of climate
warming, the overall ecosystemic effect of climate
warming will need to be distinguished carefully
from the interactive effects of these other eutroph-
ogenic factors.

We conclude that the rather simple “combined
exponential model™ discussed in this paper may
provide helpful clues as to some ecological effects
that might be expected in aquatic ecosystems as a
result of climate warming. Aquatic ecosystems of
temperate waters or that are dominated by ecto-
thermic r-type species appear to possess relatively
little self-organizing capability to compensate for
climate warming. As with other living systems at
lower “levels of organization™ that have not
evolved internal ways to temper external temper-
ature fluctuations, certain ecosystem processes may
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adapt to climate warming approximately as in-
dicated by the combined exponential model.
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