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B COMMENTARY
Ecological consequences of nuclear war

from S.J. McNaughton, R.W.Ruess and M. B. Coughenour

Simulations of the ecological effects on grassland ecosystems projected from the proposed climatic
changes that would follow a nuclear war indicate that temperature and light reductions below ambient
mean levels exceeding 10°C and 28%, respectively, are required for severe ecosystem deterioration to

occur and that thresholds between promotion and decline are e very abrupt.

EsTiMATES of the mass of smoke particles
that would be injected into the atmos-
phere by fires following a nuclear war indi-
cate that the resultant attenuation of light

by suspended elemental carbon could sub-

stantially increase the optical depth of the
atmosphere, producing major, rapid re-
ductions of temperature and incident radi-
ation at the Earth’s surface’, a phenome-
non termed nuclear winter’. Climatic

models using various degrees of structural .

and dynamic detail have provided diverse
predictions of the global climatic effects of
atmospheric soot loading, but all are in
general agreement that fires of the extent
and intensity now reasonably projected to
follow a nuclear war that included signifi-
cant targeting of urban centres would lead
to major falls in surface light intensities,
temperature and, less certainly, precipi-
tation’~*. More complex models have ten-
ded to predict both alonger duration and a
broader geographical scale of climatic ef-
fects®. Transitory surface temperature re-
ductions of more than 40°C and extended
reductions of 20°C below mean ambient
levels and light reductions to 0.01 and 0.1
of normal have been predicted. To place
these estimates in perspective, the seven-
teenth century ‘little ice age’ is believed to
have been caused by only a 1°C decline
below mean ambient temperature’, and
major glacial and interglacial periods may
involve only 10-15°C .peak-to-trough
changes®. The potential biological and
ecological consequences of the climatic
changes projected to follow nuclear war
could obviously be devastating®®.

Initial evaluations of the potentlal eco-
logical effects' of nuclear winter have
been, of necessity, largely qualitative™.
Here we present quantitative results ob-
tained by applying a wide range of the
climatic effects currently predicted to re-
sult from atmospheric soot loading after a
nuclear war to a documented, detailed,
mechanistic simulation model of grassland
ecosystem processes’ ™.

Procedures
We used nuclear winter climatic predic-

tions to modify climatic sub-models of the

Grassland Research and Serengeti Sys-
tems Model""®, hereafter referred to as
GRASS. It combines plant physiological
processes; plant growth processes; plant
morphometry; shoot demography; and
grazing, with carbon, nitrogen, radiation
and water sub-models. The principal focus
or our research is the grazing ecosystem in
the Serengeti region of Tanzania and
Kenya®*, so both biotic and abiotic para-
meters- were drawn from studles of that
ecosystem. .

Experimental studles leading to para-
meter values have previously been docu-
mented”?. Because the productivity of
cultivation agriculture would probably be
severely reduced after a nuclear war, for-
age agriculture and particularly non-sub-
sidized rangelands, might be major food
preduction systems for human survivorsin
non-combatant countries, many of which
might be located in tropical-to-subtropical
locations”.

We parameterized the GRASS simula-
tions described here- for mid-height
grasses with a terminal canopy height of
50-150 cm, growing in an equatorial loca-
tion at an elevation of 1,500 m with a mean
annual rainfall of 793. mm and a rainfall-
determined growing season of 296 days.
We produced rainfall events probabilisti-
cally by GRASS and included all micro-
climatic parameters that might reasonably
be modified by decreased light,. lower
temperatures and modified rainfalls. We
ran diurnal variables at 2-h time steps and
all others at 2-day time steps. For grazing
simulations, we harvested the canopy uni-
formly to a height of 4 cm above the soil
surface every 50 days, the optimum de-
foliation level for maximum mass yield to
grazers in previous simulations".

The climatic predictions that have resul-
ted from modelling nuclear war scenarios
can be applied to ecological modelling in
various ways. We chose the imposition of
fixed changes on normal seasonal progres-
sion for the entire courses of growing sea-
sons as we wanted to saturate a reasonable
climatic factor space with ecological simu-
lations that would produce response sur-
faces over as-broad a range of conditions
as was relevant, feasible and interesting.

We ran 90 full growing-season simula-
tions, 45 each under grazed and ungrazed
conditions, and modified precipitation by
applying fixed percentages of —50, —
—10, + 10 and + 30 to each rainfall gener-
ated by the weather simulator sub-model
of the model. We simulated both increas-
ed and decreased rainfall because of the
uncertainty of precipitation predictions
from climatic modelling’. Because light in-
tensity and temperature co-vary upon the
injection of smoke into the atmosphere'™*
we- coupled values for those variables
down to near freezing night-time tempera-
tures, which terminated growth. Tropical
pasture species are both chilling-sensitive
and frost-intolerant, although species with
ranges that extend outside the equatorial
belt often have cold-tolerant populations
in cooler habitats® . We did not simulate
mean-temperature reductions lower than
13°C once initial screening indicated that
these temperatures produce . periodic
night-time frosts.

- In addition- to control conditions, we
performed temperature- and light-inten-
sity .reductions at °C/% light combin-
ations of —1°C/—6%; —2°C/—12%;
—3°C/=16%; —5°C/—22% and —10°C at
light reductions of —28%, —50%, —65%
and —88%. The last two light reductions
simulated atmospheric optical depths near
1 and 2, which might be widely distributed
during post-war periods in non-combatant
geographical locations'™. Although we
did not apply a time-varying post-war tra-
jectory to climatic variables, the typical
seasonal patterns of GRASS were preser-
ved,. producing characteristic seasonal
progression of precipitation, humidity,
cloud. cover and other normal weather
variables. Control mean temperature was
21°C with a mean diurnal range from 28°C
daytime highs to 14°C night-time lows. A
given temperature reduction reduced
maximum, minimum and intervening 2-h
interval temperatures by that fixed
amount. We superimposed radiation re-
ductions on diurnal patterns and the cloud
cover simulator and then fed them into
sub-models of radiation and water balan-
ces to affect their performance and the
resultant temperatures of plant tissues and
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soils. Hence, we simulated total produc-
tivity, both above- and below-ground.

Baseline validation

Published data on below-ground primary
productivity are scarce and our model pro-
duces reasonable outputs when compared
with the available data". More widely
available are data on above-ground pro-
ductivity of ungrazed grasslands. We used
three such data sets for a model validation
internal to the simulations presented here.
Data sets of above-ground primary pro-
ductivities of ungrazed grasslands have
been fit to regressions on annual rainfall
for the Serengeti ecosystem®, eastern and
southern Africa® and the world”. There
are many similar fitted curves in the liter-
ature but we used these three for baseline
comparisons because they are both exten-
sive, relevant to the ecosystem modelled,
and have no data overlap.

The most complete data set for 52

worldwide sites® produces a best fit (©* =
0.51)-line of ANP = 0.5 (rain) —.29,
where ANP is above-ground net primary
productivity in g m™? yr™* and rainfall is in
mm. A Serengeti dataset for 20 locations
subject to neither excessive drainage nor
runoff water influx' produces a best fit (
= 0.48) line of ANP = 0.69(rain)—102
and the other African dataset of 33
values®™ produces a line (7 = 0.67) of ANP
= 0.85(rain)—20.
- Simulated above-ground productivities
of ungrazed grasslands at ambient light
and temperatures, and rainfalls less than
900 mm, above which both simulated and
measured” productivities become asymp-
totic to the abscissa, produces a line (¥ =
0.97) of ANP = 0.48(rain)—48, as similar
to the empirical lines as they are to each
other. Together with previous compari-
sons of model performance with published
empirical results" ™", these results indicate
that GRASS produces realistic grassland
performance over a wide environmental
range. Still, the application of post-war
climatic predictions, themselves of un-
certain surety, to any ecological model
is a venture into uncharted predictive
realms unamenable to experimental veri-
fication. But, where verification is fea-
sible, GRASS performance is in good ac-
cord with empirical datasets and the cli-
matic projections considered here deal
mainly with conditions close to normal
climatic variation, rather than extremes of
extended cold, dark conditions.

Aftermath simulations

Our control conditions for simulations are
793 mm of rain at normal light and tem-
perature; our baseline is the rainfall span
at unreduced light and temperature. The
total, above- and below-ground, simu-
lated productivities of ungrazed grass-
lands are very sensitive to rainfall near
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Fig. 1 Simulated total primary productivity in g m~2 yr~! of ungrazed grasslands in relation to
deviations of precipitation and temperature-radiation environments from the long-term mean
condition, the indicated by arrow labelled control. Note that the y-axis is linear in light intensity
and non-linear in temperature. Data were fitted with the bivariate spline intérpolation and graphed
with the PROC 3D procedure of the 82.2 enhancements and update release of SAS/ GRAPH (SAS
Institute, Cary, North Carolina, 1982).Tilt, 60°; rotation, 50°. e It i

normal light and temperature conditions,
but are resistant to light and temperature
departures  from normal until mean Te-
ductions approach 28% and 10°C, respect-
ively, below mean ambient levels (Fig. 1).
This results in a substantial shelf where
primary productivity is near or above con-
trol values for moderate climatic changes
projected to follow a nuclear war. The
upper. level of the response surface is
twisted by the tendency for cooler, darker
conditions to compensate for reduced
rainfall. C : :
At the lowest rainfall level, in fact, pri-
mary productivity continues to increase at
light-temperature reductions that signifi-
cantly reduce production at higher rainfall
levels. Therefore, reduced light and tem-
perature - have much greater water-
conserving effects at low rainfalls than at
higher rainfalls. These environmental in-
teractions were expressed,. in part,
through compensatory changes in plant
water potential, averaged over all shoots.
Midway during the growing season, plant
water potentialsincrease from —1.73 MPa
at control light/temperature to —0.49

- MPa at the 10°C/28% reduction under the

lower rainfall conditions. At the highest
rainfall conditions, the increase is only

from —1.03 to'—0.17 in this range.

Plant water potential regulates produc-
tivity by influencing net photosynthetic
rates and tissue growth rates, -and these
compensatory interactions are propaga-
ted .through GRASS performance. - In
addition,. greater. rainfalls increase leaf
longevity, producing greater average ages
of active canopy tissues, which are accom-
panied by declines in leaf nitrogen content
and resultant rates of net photosynthesis.
So no simple explanation suffices to ex-
plain the twisted response surface; rather,
it is a complex consequence of plant
growth and metabolic responses to inter-
acting environmental variables. Because
of the diagonal crest, productivity at high
rainfall levels drops much more precipi-
tously as the more severe region of the
factor space is penetrated. The greatly re-
duced light levels indicate that the grass-
lands have a broad ability to compensate
for light reductions after the initial drop,
producing a shelf extending to the light
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with minor light/temperature reductions
and an extension of the ameliorating
range of those reductions at the lowest
simulated rainfalls. Net primary pro-
ductivity is stimulated a maximum of 38%
above control conditions by the combi-

7. QOO
784 SO
JLEBRRX X0

V 4 p : : .

AR nation of highest rainfall with a light/

Control ’""“:’:“:\“\\‘t\\‘t\\ temperature reduction of just 1°C and
‘\\“\\ 6%. At baseline conditions, the lowest

T \ simulated rainfall reduces the productivity

Total annual primary productivity (g m?2 yi')

/ \“00: ‘ \
/ IR
RN

X
QICRA £\
X ’:’:’:‘\\\\\z\\“ \“ ‘ ‘

K

Fig. 2 Simulated total primary productivity in g m™~2 yr™! of grazed grasslands in relation to
deviations of precipitation and temperature-radiation environements from the long-term mean
condition, indicated by an arrow. Note that the z-axis scale differs from Fig. 1if comparing the two
response surfaces. Data were fitted and plotted as described in Fig. 1 legend. Aspect as in Fig. 1.

intensities produced by an atmospheric
optical depth of one. At that optical
depth, productivities are 79% of baseline
at low rainfall levels, 61% at normal
levels, and 46% at the highest simulated
rainfall. Beyond an optical depth of 1,
however, productivity again plunges pre-
cipitously to near zero at an optical depth
of 2 and this surface of steeply decreasing
primary  productivity was rainfall-
independent.

More interesting than the obvious fact
that severe temperature and light reduc-
tions will drive production to zero is the
finding that productivities are increased
by most simulated post-war light and tem-
perature reductions of moderate extent at
a broad range of rainfalls. The minimum
productivity on the upper response shelf,
equivalent to 41% of control, is produced
by the 50% rainfall reduction with no
changes in temperature and light. The
maximum productivity of the ungrazed
simulations, 44% above control, occur at
the highest simulated rainfall level accom-
panied by temperature and light reduc-
tions below ambient of 2°C and 12%, re-

spectively. The diagonal crest is produced
by the tendency for very minor light/tem-
perature reductions to produce maximum
productivities at higher rainfall levels,
whereas low rainfall systems continued to
exhibit increased productivity at substan-
tial light/temperature reductions. Beyond
this crest productivity in low rainfall simu-
lations declined steadily to zero levels,
lacking the shelf that occurs at higher rain-
falls. These results have important impli-
cations for potential yields from water-
limited ecosystems in post-war environ-
ments.

Grazing stimulates the primary produc-
tivities of grasslands at higher rainfall
levels but not at low rainfalls; as a conse-
quence, the overall grazed response sur-
face has simpler but much steeper con-
tours (Fig. 2). Primary productivity has a
more convex shape under grazed than
ungrazed conditions because of higher
peaks, steeper contours and more abrupt
thresholds. The diagonal crest on the
upper shelf is more pronounced because
of the tendency for primary production at
high rainfall to decline after a slight rise

of grazed grasslands to only 28% of the
value at control conditions. There is little
evidence of a shelf of resistance to light
reductions at temperatures above freez-
ing.

Grazed grasslands are generally able to
maintain reasonable levels of primary pro-
ductivities down to a light reduction of
50% below normal, but they are severely
inhibited by the reductions produced by
an atmospheric optical density of 1. At
that level, primary productivities are 19%
of baseline at low rainfalls, 12% at normal
rainfalls, and 9% at the highest rainfall
simulated. Compared with the ungrazed
simulation, this result suggests that the
trophic web would collapse under con-
ditions still allowing significant primary
productivities in ungrazed grasslands.

The ameliorating effects of light and
temperature reductions produce steeper
responses under grazed conditions over
the upper productivity shelf. For example,
at control rainfall the productivity of un-
grazed systems is 17% below normal at the
10°C/28% temperature/light reduction. In
the grazed ecosystem, in contrast, net pri-
mary productivity under those conditions
is still 13% above baseline. As a conse-
quence, the descent of productivity as the
limiting factor space is penetrated is much
more precipitous for grazed than for un-
grazed ecosystems.

As grasses must be converted into
animal products for uncultivated vege-
tation in grassland climates to support
human populations, secondary pro-
ductivity is of particular importance to
consideration of the potential consequen-
ces to humans of climatic changes that
might follow a nuclear war. There are two
fundamentally different approaches to
estimating secondary productivity from
model output. The simplest, but perhaps
least revealing, is to convert the plant
mass consumed by grazers to animal bio-
mass by assuming some conversion ef-
ficiency based on animal feeding trials®.
That approach assumes that forage quality
does not vary across the range of con-
ditions simulated and has the virtue of
converting forage consumption per unit
area directly into animal yield per unit
area.

When we applied a 10% conversion ef-
ficiency™” to animal forage consumption
output from GRASS, with that output
varying according to both forage amount
and its availability due to canopy geo-
metry”, we found (# = 0.87, P< 0.001)
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that secondary productivity =.0.052 X
total primary productivity, the units of
productivity are in mass area™ yr™' for the
40 environmental combinations above
zero. Secondary productivity then, under
this assumption, would reproduce the re-
sponse surface of Fig. 2, but with absolute
values 95% lower on a mass density basis.

A second and, we believe, more re-
alistic approach to estimating secondary
productivity is to account for differences
in forage quality. Both wild® and dom-
estic ungulates, particularly in tropical
locations, are more often limited by for-
age quality than by its quantity. Higher
mass productivities produced by GRASS
are generally accompanied by lower for-
age quality because nutrients such as ni-
trogen are diluted by carbon accumulation
in plant tissue, consistent with real eco-
systems®™. Over the range of non-zero con-
ditions simulated here, the relationship
between the nitrogen content of forage
consumed and the mass of carbon that is
consumed is

%N = 1.93-0.00386 gC
where 7 = 0.92, P<0.001 and gC is grams
of carbon consumed per square metre of
land surface per year.

As a consequence of this negative re-
lationship between forage quality and
mass availability, the amount of N con-
sumed was asymptoticaily related to the
amount of forage carbon consumed (7
=0.86, P<(0.001) with gN = (2.27 In gC)
—5.2 where units are masses of N and C
m™ yr~'. This conundrum relating forage
quality and quantity of further exacer-
bated by a positive relationship between
forage nitrogen content and the digesti-
bility of that nitrogen (ref. 33). Therefore,
as a more realistic approach to estimating
potential secondary productivities of post-
war ecosystems, we multiplied N yield to
grazers in gN M~ yr™' by the digestibility
of that N predicted from the linear rela-
tionship between forage N content and
digestibility of N (ref. 33). This yielded
digestible gN m™ yr™' consumed by gra-
zers. Additional assumptions that we are
unwilling to make at this stage would be
required to convert the areal yield of di-
gestible N to animal production, but the
shape of the response surface is more like-
ly to reflect the secondary productivity
potentials of post-war ecosystems than the
simple conversion from Fig. 2.

The quality-based secondary pro-
ductivity response surface produced by
GRASS varies markedly from both pri-
mary productivity surfaces (Fig. 3). Maxi-
mum secondary productivity, 38% above
the control value, is produced at moderate
drought and no reduction of ambient light
and temperature. Minimum secondary
productivity potential outside the severe
factor space is at the highest rainfall with
temperature-light reductions of 5°C/22%,
where the value is only 36 % of the control.
This response surface is caused by a
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Fig. 3 Simulated yield of digestible N to grazers in g m~2 yr~! in relation to deviations of
precipitation and temperature-radiation environments from the long-term mean condition,
indicated by an arrow. Data were fitted and plotted as described in the legend for Fig. 1. Aspects as

in Fig. 1.

greater reduction in plant-carbon assimi-
lation than of nutrient assimilation by mild
environmental stress, a phenomenon
documented empirically** and that
GRASS reproduces. As a consequence,
there was a pronounced peak of secondary
productivity potential at a rainfall reduc-
tion to 30% below normal in baseline light
and thermal environments. Values drop
precipitously around this optimum, par-
ticularly at lower rainfall levels and no
light/temperature reduction. But the sur-
face is convoluted with folds and pockets,
especially as severely limiting conditions
are approached. Reduced light levels at
non-freezing temperatures produce a
broad secondary shelf of slightly increas-
ing secondary productivity potential with
a reversal of the rainfall field leading to
higher potentials at higher rainfalls. At
light intensities above half normal, poten-
tial secondary productivity drops sharply
to zero. Compared with control con-
ditions, all higher rainfall simulations and
all reduced light and temperature con-
ditions under the normal rainfall regime
result in secondary productivity potential
lower than the control. But many of the
climatic conditions predicted to follow a
nuclear war, that is, combinations of re-
duced rainfall with cooler, darker con-

ditions, result in significant enhancements
in the yield of digestible N to herbivores.

When compared with the primary pro-
ductivity simulations and simple extra-
polations of secondary productivity from
them, these simulations highlight two sig-
nificant features of ecosystems. First,
countervailing processes make it difficult,
if not impossible, to optimize all perfor-
mance standards simultaneously. Second,
simple extrapolations are incapable of
providing meaningful estimates of the ef-
fects of complex biological responses to
environmental variation.

Implications

We make no claim for the ultimate ac-
curacy with which GRASS simulations
could predict the ecological aftermath of a
nuclear war. But we do believe that those
projections are fundamentally realistic;
that they provide reasonable boundary
conditions for severe declines in eco-
system carrying capacity; and that they
prudently reflect the ecological conditions
that could be expected to occur in many
grassland and other water-limited eco-
systems following such a war. Primary
productivities under both grazed and un-
grazed conditions, and secondary pro-
ductivity potentials, are stimulated by cli-
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matic conditions that would be relatively
severe under normal conditions, although
they can be characterized as mild com-
pared with the more extreme nuclear win-
ter conditions predicted by some models.

The abrupt interfaces between stimula-.

tory and degradative effects emphasize
the hazards associated with deductions
from imprecise climatic predictions.

The sensitivity of our simulations to the
countervailing effects of precipitation and
radiation-temperature changes within the
non-severe factor space indicates that it
would be profitable to devote more effort
in climatic modelling to precise definitions
of the coupling between precipitation and
radiation-thermal regimes, perhaps at the
sacrifice of global spatial scales where the
models are in general, if not precise,
agreement. Because climatic effects have
post-war meaning only through their eco-
logical effects, more attention to ecologi-
cal modelling is clearly also warranted.

Our simulations indicate several areas
where additional empirical research could
contribute fruitfully to a better under-
standing of both the potential ecological
consequences of nuclear war and basic
ecological knowledge. We terminated
temperature reductions at levels just
above those producing periodic night-
time frosts as tropical pasture plants are
both chilling sensitive and frost intoler-
ant™*. However, strains of a widely culti-
vated tropical grass, Cynodon dactylon,
have been produced that are tolerant of
winter conditions to near 40° N in central
North America®, and tropical species with
ranges extending outside equatorial loca-
tions have frost tolerant genotypes™>.
This suggests that there is sufficient
genetic variability in tropical grasses to
produce freeze-tolerant genotypes, and
natural selection accompanying severe
nuclear winter would be intense. If some
tolerant genotypes survived as either dor-
mant individuals or as seeds, ecosystem
recovery might be possible following even
the most severe nuclear winter. We know
of no extensive evidence on the freeze
tolerance of drought-dormant rather than
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actively growing tropical grasses. Nuclear
winter during the tropical dry season
might not result in extensive plant mor-
tality if drought-hardened individuals are

.also cold tolerant; information on the re-

lationships between these adaptive traits
would allow more realistic estimates of the
expected recovery potentials of tropical
and subtropical ecosystems if severe nu-
clear winter penetrated those geographi-
cal regions. Information is also limited on
the seed banks of tropical soils and the
freeze tolerance of those seeds”. Nuclear
winter would expose seeds to cold, dry,
dark environments, which in many cases

‘are optimal for increasing seed longevity:

Secondary productivities can also be in-
fluenced by many factors in addition to the
limitations imposed by food quantity and
quality. Radiant heat load”, availability of
water, wind speed”, mineral nutrient
availability”* and the shield of veterinary
practices protecting both wild and do-
mestic ungulates from potentially epi-
demic disease®* could all be modified by
post-war conditions. In addition, cold
rains accompanying periodic smoke cover
and chilling that precipitates water out of
the atmosphere might have devastating
effects on tropical animals. Realistic esti-
mates of such ecological effects would add
precision to estimates of the post-war
carrying capacity of ecosystems.

But even with the many uncertainties,
we believe that the results of simulations
with GRASS have three principal implica-
tions for the carrying capacities oi eco-
systems were a nuclear war to modify cli-
mate in the directions now envisaged.
First, mild (by the standards of nuclear
winter) climatic changes tending to reduce
heat loads and evaporative demands of
the atmosphere might increase the pro-
ductivities of many water-limited eco-
systems. Such ecosystems occupy major
expanses of Earth’s surface.

Second, distinctly different conditions
lead to performance optima at different
levels in the trophic web. Those optima,
therefore, cannot be attained simultan-
eously. Grain production, for example,
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would probably track the response surface
that we obtained for primary product-
ivities of ungrazed vegetation. Because
grassland climates are centres of grain
production, increases in precipitation
and/or reduced evaporative demands
could tend to increase substantially the
grain production potential of post-war
ecosystems. Animal production, on the
other hand, would probably be inhibited
by the same conditions.

Third, and, we believe most important,
the transition between non-catastrophic
(even favourable) environmental changes
and those that are calamitous may be ex-
tremely abrupt. The presence of those
thresholds in all three simulation results
suggests that the ecological effects of a
nuclear war are very unpredictable and
may change drastically over narrow en-
vironmental ranges. A population of
human survivors in tropical-to-subtropical
locations might encounter an increased
carrying capacity for certain climatic pe-
turbations only to be plunged into destruc-
tion by a seemingly minor drift away from
those conditions. Overall, our results em-
phasize the uncertainty that must be at-
tached to any predictions about the ecol-
ogy of a post-war Earth, and suggest that
ecological unpredictability itself could be
one of the most damaging consequences
of post-war climatic effects.
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