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ABSTRACT 

If the projections of global climate models are correct, jack pine Pinus 
banksiana forests in central Michigan, managed as the primary nesting 
habitat for the endangered species Kirtland's warbler Dendroica kirtlandii, 
will soon be growing at a significantly slower rate than they have in the recent 
past. As a result, these forests may become unsuitable as habitat for the 
warbler wit~in 30-60 years. This projection- is based on results from a global 
climate model applied to a forest growth mode/. The robustness of these 
predictions is discussed. Measurement of tree growth in these forests could 
provide some ofthe earliest evidence ofbiological effects ofclimatic warming 
due to an increase in greenhousf gases in the atmosphere. 

THE IMPORTANCE OF T~E KIRTLAND'S WARBLER AS A 
CASE STUDY OF G~OBAL WARMING EFFECTS 

It has been suggested that climatic shifts brought on by global 'greenhouse' 
warming may lead to local habitat changes and possible extinction ofspecies 
with highly restricted ranges (Peters & Darling, 1985; Botkin & Nisbet, 
1990). In part, this would be a result of rapid movement of climatic zones. 
For example, in the mid-latitudes of eastern North America, climate zones 
are predicted to move northward several hundred kilometers over the next 
century (Zabinski & Davis, 1989) at approximately ten times the rate 
characteristic of the Holocene and Pleistocene (Schneider, 1989), so that 
present vegetation types may be replaced by those characteristic of more 
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southern regions (Botkin et al., 1989). But this effect could be made worse by 
the patchiness of the contemporary landscape, within which habitats of 
endangered species have become ecological islands locally isolated from one 
another. The extent to which global warming might affect extinction rates of 
endangered species has, however, only been a subject for qualitative 
speculation. 

In this paper we present quantitative projections of the effects of global 
warming on an important example in biological conservation: the Kirtland's 
warbler Dendroica"kirtlandii, an endangered species which nests only in the 
lower peninsula of Michigan (Fig. 1). 

The Kirtland's warbler, the object ofconsiderable management effort and 
scientific study, provides an important example of the possible impacts of 
global warming on endangered species. It was the first song bird subject to a 
complete census, and the population history of this species is comparatively 
well-known (Mayfield, 1960; Walkinshaw, 1983). The numbers dropped 
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Fig. 1. Map of Michigan's lower peninsula showing the past breeding range of K;irtland's 
warbler (l975-85) and the distribution of the Grayling sand soil type. Adapted from Byelich 

et al. (1985). 0, townships with Kirtland's warbler nests; _, Grayling sand. 

Early indicator of climatic warming 

from an estimated 432 males in 1951 (Mayfield, 1953) to just 201 males 
censused in 1971 (Mayfield, 1972), recovering only to 212 males censused in 
1989 (J. Weinrich, pers. comm'.). This rapid decline had two important 
results: it stimulated scientific study of the species and led to' a management 
plan for its conservation that is now underway. 

In the 19608, it was posited that the most important cause for the drastic 
decline of the Kirtland's warbler population was the loss of its breeding 
habitat, jack pine Pinus banksiana stands in central Michigan, and that the 
decline injack pine was the result offire suppression (Byelich et al., 1985). As 
a result, formal management plans based on the need for forest fire and the 
advice of experts, and first initiated in the late 1950s, were expanded in the 
early 1970s and continue today to promote recovery of the warbler (Byelich 
et al., 1985). These plans include extensive habitat management through 
controlled burning to increase the area of young jack pine. Possible rapid 
climate change raises questions as to the outcome of this habitat 
management. 

Jack pine, as a fire-dependent species, requires periodic fires for 
regeneration (Fowells, 1965). Trees of this species are intolerant of shade, 
and seedlings and saplings are unable to grow under a forest canopy. Cones 
open and release seeds only after they have been heated in a forest fire. Thus, 
without fire jack pine does not germinate and, if it could, would not grow 
within a mature forest. Like many other species of pine, it has persisted in 
areas subject to frequent, recurring fires. For example, in northern 
Minnesota the average fire recurrence in jack pine habitats prior to the 20th 
century was in the order of 15-30 years (Heinselman, 1981). With fire 
suppression in the 20th century, fire recurrence in the same area has 
decreased to as long as 800 years (Hall et al., in press). 

Given this information, there are three reasons why quantitative 
projections of the decline of the Kirtland's warbler habitat due to global 
warming would be useful. The first is to signal the potential loss of an 
endangered species as a result of global warming, which may require new 
and unique management efforts to prevent. Second, we propose that 
monitoring growth of jack pine may provide early evidence of a biological 
effect of global warming. Third, the projections may be useful to those 
concerned about the potential climatic effects on endangered species in 
general. While the habitat requirements ofthe Kirtland's warbler are unique, 
the specificity of these requirements are typical ofmany endangered species, 
and in this and other ways the effects of global warming on the Kirtland's 
warbler are representative of the problems to be faced by many other 
endangered species that depend on forests for habitat. 
. Because of the longevity of trees, changes in forest composition might 
occur slowly relative to climatic change (Smith, 1965; Davis & Botkin, 1985). 
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However, global climate models project that mid-latitudes will undergo 
rapid, pronounced warming (Manabe & Stouffer, 1980; Ghan et al., 1982; 
Hansel) et al., 1983, 1988; Manabe & Wetherall, 1987; Schlesinger & 
Mitchell, 1987; Schlesinger & Zhao, 1988). The sensitivity of forests to these 
changes may vary with many environmental factors, including the present 
climate regime and soil conditions. 

Jack pine occurs throughout a large part of North American boreal 
forest (Fowells,. 1965;" Botkin & Simpson, 1990). However, the Kirtland's 
warbler nests only in young (6-21 year old) jack pine stands and almost 
exclusively where these grow on a single soil type, Grayling sands-a coarse 
sand found only at the southern edge of the jack pine's range in the northern 
lower peninsula of Michigan (Byelich etai., 1985) (Fig. 1). Hence the concern 
is that, ifjack pine fails to regenerate in this area, the warbler will be unable 
to find suitable habitat elsewhere in North America, and will become extinct. 

CLIMATE PROJECTIONS 

To explore the consequences of projected rapid climatic warming for jack 
pine in Michigan, we used climate projections for a transition from current 
conditions to that under twice CO2 atmospheric concentration from the 
GISS general circulation model of NASA Goddard Space Flight Center, 
New York (Hansen et al., 1983). Those projections are based on a smooth 
transition in CO2 concentrations over a 90-year period starting in 1980. 
Monthly temperature and precipitation from this model were used as input 
to a revised version of the JABOWA forest model (Botkin et ai., 1972; Davis 
& Botkin, 1985; see below). 

The 1951-80 weather records from Grayling, Michigan served as the 
'normal' climate, applied in repeating sequence to project climate for 
1980-2070. A greenhouse-gas induced warming climate was projected by 
modifying these records as follows. Ratios between the GISS 'normal' 
steady-state CO2 conditions and gradually enhanced CO2 conditions were 
calculated for mean monthly temperature and total monthly precipitation 
(R. Jenne, NCAR, pers. comm.). These ratios were then multiplied by the 
actual mean monthly temperature and precipitation at Grayling, Michigan. 
The climate model projects a great increase in temperature and overall slight 
increase in precipitation (temperature and precipitation patterns for 
'normal' and 'global warming' climates are shown in Fig. 2). The large 
increase in temperature produces a large increase in evapotranspiration that, 
in spite ofan increasing rainfall, leads to drier soils. Both the warming of the 
air temperature and drying ofthe soils can affect tree growth in reality as well 
as in the model. 

Early indicator of climatic warming 
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Fig. 2. Projected pattern of growing degree-days (OC) from 1980 to 2070 for 'normal' and 
global warming 'transient' climates. The normal pattern is the 1951-80 temperature pattern 
repeated. The global warming pattern is that for 1951-80 modified by the projections of the 

NASA GISS climate model (Hansen et al., 1983, 1988). See text for explanation. 

The forest model 

The forest model is a well-established stochastic model (Botkin et ai., 1970, 
1972) previously applied to problems of climate change (Davis & Botkin, 
1985; Solomon & West, 1987; Botkin et al., 1989) and modified by us to 
include improved methods of modeling soil moisture dynamics and tree 
responses to soil moisture conditions (Botkin & Levitan, 1977), and nitrogen 
requirements of trees (Aber et ai., 1979), as well as parameters to characterize 
33 major tree species of the North American boreal and northern hardwood 
forests (Botkin et al., 1989). Details of the model's equations and algorithms. 
are given in those papers and are expanded in a new book (Botkin, in 
press); here the model is described briefly for those readers unfamiliar with it 
and information is provided concerning aspects of the model especially 
relevant to the jack pine in the Kirtland's warbler habitat. 

The forest model simulates the process offorest growth by calculating the 
regeneration ofeach species, in terms of the number ofnew stems added to a 
plot each year, and the growth and mortality of individual trees on annual 
time steps on small 10 x 10m plots. The annual growth in height and 
diameter ofeach tree is a result of life-history characteristics for each species 
and its species-specific response to the simultaneous environmental 
limitations of light, air temperature, soil moisture, soil nutrient conditions 
and stand crowding. In our newest version of JABOWA, a complete water 
balance is calculated for each month which depends on the monthly rainfall 
and temperature, soil depth, soil moisture holding capacity (which in turn is 

Normal Climate 
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a function of the average soil particle size), and depth to the water table 
(Botkin et al., 1989). The modeled responses of growth to each of these 
factors is based on the long history of research on the physiology of 
vegetation in general and woody plants in particular (see, for example, 
Kramer and Kozlowski, 1960, 1979; Kozlowski, 1971). 

In reality, and as projected by the model, only a subset of the 33 tree 
species are actually able to grow under the conditions found in the jack pine 
plains of Michigan's northern lower peninsula due to environmental 
constraints'. That area is colder and drier and has poorer soil fertility than 
most surrounding areas. Typical dominant tree species in these areas include 
jack pine, white pine Pinus strobus, red pine P. resinosa, and trembling aspen 
Populus tremuloides. 

The temperature response function is of particular concern for the 
simulations considered here. In the model, the response of trees to 
temperature is a parabolic function of heat tolerance, as suggested by the 
extensive literature ofthe response ofwoody plants to temperature (Helmers, 
1962; Kramer & Kozlowski, 1960; Botkin et al., 1972, 1989). Heat tolerance 
(Bn (for species i), expressed as annual growing degree-days, is estimated by 
summing daily temperatures above 4·4°C, so that 

BTl = 4(DD - DDmin,I)(DDmax,1 ~ DD) 
(DDmax,1 - DDmln,i) 

where DD = growing degree-days during the current year at the site; 
DDmin,i = value at the southern end of the range of species, and DDmax,1 = 
value at the northern end of the range of species. 
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Fig. 3. The heat tolerance curve ofjack pine used in the forest model. DDmin and DD max are 
the lower and upper growing degree-day limits as derived from range maps. 
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Growing degree-days is the sum of the days x °C above 4·4°C under the 
annual curve of temperature. 

Because of the lack of lab,oratory data on the growth responses of jack 
pine and other species, the cold and warm temperature limi.ts of a species 
(where the temperature growth response is zero) are calculated as the average 
growing degr~e-days at the observed current geographic northern and 
soutl~ern limits of the species. As a result, the growth falls off rapidly as the 
borders of the range of a species are approached. The hypothesized growth 
response for jack pine is shown in Fig. 3. 

Reproduction is limited by the same environmental constraints that affect 
tree growth. In the model, mortality is a stochastic function of the maximum 
possible age ofeach species, and the risk ofmortality increases for trees that 
are growing poorly. Fires are common on the jack pine plains of Michigan, 
and these are simulated by killing all trees every 30 years in rough 
concordance with the managed disturbance frequency (Byelich et al., 1985). 

RESULTS: DECLINE OF JACK PINE HABITAT 

Under the normal climate, simulations indicate that jack pine increases 
steadily between each fire, just as has occurred in the past (Fig. 4(a)). For 
these conditions, the model's projections are realistic, based on the known 
natural history of the species (Fowells, 1965). Surprisingly, the response of 
jack pine to the transient climate due to global warming is almost immediate. 
By the projected year 1985, basal area ofjack pine (the cross-sectional area 
of tree stems) is significantly lower under transient climate conditions than 
under normal climate (p > 0·95; t-test). As the climate changes, other tree 
species are predicted to become dominant. By year 2040, quaking aspen 
Populus tremuloides and oaks Quercus spp. are dominant, but only small 
stems ofoaks are common by year 2070 (Fig. 5). Although aspen and oak come 
in to replace jack pine, a mature forest never develops; the low basal area 
indicates an open woodland of small stems. Thus, the model projects that a 
forest subject to projected global warming and composed solely of the native 
species now present in the area would not persist throughout the next 
century. 

How robust are these projections? The most vulnerable part of the model 
is the estimation ofparameters for specific equations that relate tree growth 
and regeneration to environmental conditions. Ofparticular concern are the 
parameters for the temperature response of jack pine. Under the normal 
climate regime at Grayling ne,ar the Kirtland's warbler habitat, simulated 
growth ofjack pine is highly sensitive to the estimated heat tolerance of the 
sp~cies. In fact, the temperature regime of Grayling, Michigan is only slightly 
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Fig. 4. Projected basal area of jack pine Pinus banksiana near Grayling, Michigan under 
normal climate (0) and transient-A clim;:t.te (e) for the 90 year Period 1980-2070, representing 
three periods of growth between controlled burns. (a) Basal area projections with thermal 
tolerance (maximum growing degree-days) of jack pine increased by·l0°tfo and (b) by 20%. 
Basal area is the cross-sectional area of the tree stems, summed by species for all·trees in a 
sample. The soil particle size is a coarse sand to represent the Grayling sand, where the 
Kirtland's warbler nests. Soil moisture holding capacity is defined as 50 mm of water per 
meter depth ofsoil. Soil depth is 0·4 m; depth to the water table is 1m; nitrogen content of the 
soil is 42 kg ha -1. Initial conditions are a clearing with no trees but adequate seeds available 

for regrowth of any of the species for which the climate 'is suitable. 

cooler than the estimated maximum tolerated by jack pine, and our initial 
simulations failed to allow normal growth without increasing our estimate 
of jack pine's heat tolerance. Realistic growth in diameter of jack pine was 
achieved with an upper heat tolerance boosted by 10% to 2222°C growing 
degree-days, and this estimate served as our control. This suggests that the 
actual geographic range ofjack pine is greaterthan that generally observed 
in the 20th century, or that ecotypes of the species that occur near the 
southern edge of the range have a greater temperature tolerance than the 
average for the species. 

We tested the sensitivity to error in estimation ofjack pine's heat tolerance 
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Fig. S. Projected basal area of (a) quaking aspen Populus tremuloides and (b) oaks Quercus 
spp. under normal climate and transient-A climate scenarios. Conditions are as given for 

Fig. 4(a). Oak species include red oak Q. rubra and white oak Q. alba. 

by increasing the maximum tolerance an additional 10% to 2444°C growing 
degree-days. Even with this more extreme heat tolerance, statistically 
significant reductions in basal area are projected to occur within the first five 
years (by 1985)-after an initial fire (p > 0·95; t-test). Stark reductions in jack 
pine growth are still predicted to occur in the second 30-year period (after 
2010) (Fig. 4(b», so that the extent of the decline, but not the timing, is 
delayed. 

As mentioned earlier, the model includes responses oftrees to soil water as 
well as to air temperature. In another application of the model, oak
dominated woodlands near Mt Pleasant, Michigan responded more tc 
changes in soil moisture than in air temperature (Botkin et al., 1989). In thh 
case the woodlands are nearer to the prairie-forest border and maps oj 
presettlement vegetation show patches of prairie intermixed with oak 
forests. The oaks are not near their southern temperature limits but are neal 
the western boundary for soil moisture for tree growth. Thus, the mode: 
suggests that whether soil moisture or air temperature changes wi!: 
dominate the impact of global warming on forests depends on sit~ 
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conditions and the biogeography of the tree species. The Kirtland's warbler 
habitat is so near the southern temperature limit ofjack pine that in this case 
the temperature response overwhelms other effects. 

DISCUSSION AND CONCLUSIONS 

Results indicate that, in spite of the longevity of trees, jack pine forests that 
are the habitat of the Kirtland's warbler might respond surprisingly rapidly 
to the projected global warming. The quickness with which jack pine might 
decline, and therefore, the speed with which the breeding grounds of the 
warbler might disappear, suggests that the warbler may be subject to a 
greatly increased risk of extinction. This in turn implies that managers of 
that habitat may need to consider the implications of global warming, so 
that management -plans might be adjusted before the species undergoes 
another serious decline. The plans might be modified to include: breeding of 
hybrids ofjack pine with greater tolerance for warmer and drier conditions; 
more emphasis on studies to understand breeding habitat selection by the 
Kirtland's warbler; additional attempts to transfer breeding pairs of the 
warbler to habitats to the north; additional emphasis on the monitoring of 
diameter increment of jack pine as a measure of global warming and as an 
indication of the likely success of the present management program. 
Ultimately, if a rapid decline is observed in the growth of jack pine and if 
other indications of global warming become evident, then the utility of 
continued fire management of the Kirtland's warbler habitat near Grayling, 
Michigan would have to be reconsidered. Emphasis could be placed on fire 
management at the nqrthern edge of the breeding habitat presently utilized 
by the warbler and in areas adjacent to these and just to the north, as a way 
of promoting the northward migration of the species. 

The swiftness of the response suggests that jack pine stands managed as 
habitat for the Kirtland's warbler could be monitored to provide one of the 
earliest biological indicators of global climate warming. Ifjack pine trees on 
which the warbler depends undergo a rapid decline, then we might conclude 
that the effects of global warming are underway. If jack pine continues to 
grow as well as it has in the past in these habitats, then there would be no 
significant indication in that locale of a biological effect of global warming. 
To test this possibility, diameter increments ofjack pine could be measured, 
and increments laid down since 1980 could be compared to those produced 
earlier. Measurements would _have to be done in a way that eliminated 
variation due to local competitive effects. 

The projected responses of these stands are much more rapid than for 
other stands in the Great Lake States for which we have made projections, 
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including boreal forests of the Boundary Waters Canoe Area, Minnesota 
and oak woodlands of southern Michigan (Botkin et al., 1989). In part, the 
rapidity of the response of the jack pine woodlands of Michigan seems to be 
the result of the sensitivity of tree growth to temperature conditions at the 
borders of geographic ranges of trees. In addition, the frequent burning, 
which removes/ the protection of soils, seedlings, saplings and mature 
trees, h3;stens the response to climate change. From this one can see that 
populations of short-lived species can be expected to respond more rapidly 
to climate change than long-lived species,just as frequently disturbed forests 
will respond more rapidly than infrequently disturbed forests (Davis & 
Botkin, 1985). Finally, population responses are likely to be more rapid in 
areas recently cleared and undergoing regeneration than in older forests, 
because mature trees can persist longer during a climatic change than can 
seedlings and saplings (Botkin et al., 1989). Jack pine stands now actively 
managed as the primary nesting habitat for the Kirtland's warbler meet all 
of these criteria, and for these reasons may be sensitive indicators ofa rapid 
climatic change. 

Climate projections must be viewed with caution. Current climate models 
do not con'sider some potentially important factors. For example, thermal 
inertia of upper ocean levels and mixing with deeper waters, which are not 
taken into account, may delay global warming one or more decades 
(Schneider & Thompson, 1981). Indicators which might separate the signal 
of warming from the noise of normal weather variation, and which could be 
monitored over time to serve as verification of projections, have been 
lacking. It is therefore important to determine whether the projected decline 
of jack pine is robust with respect to severity of the climate change. To 
investigate this robustness, some additional tests were conducted. 
Temperature and precipitation ratios .equal to 25, 50 and 750/0 of the 
transient ratios were used to create three climate scenarios intermediate 
between the normal and transient-A climates, mimicking a slower climatic 
change. Even in these cases, significant differences from normal growth are 
evident by year 1985 in both the 50 and 75°A» transient climates, and by 1990 
in the 250/0 transient climate (Fig. 6; p > 0,95, t-test). Drastic reductions in 
growth ofjack pine are evident by 2040 for all but the 25% transient climate, 
and this mildest scenario still results in drastic declines by 2070. The 
projected declines are drastic because the projected climate change is so 
severe and because the Kirtland's warbler management areas lie at the 
extreme southern end-of the jack pine range. 

Results are restricted to effects of climate change. No other independent 
human-induced effects on tree growth were taken into account, such as acid 
rain and gaseous oxidants. Nor were direct effects of CO2 increases on jack 
pine considered. Laboratory experiments show that fertilized and irrigated 
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plants undergo great increases in production under CO -elevated
2

atmospheres (Funsch et al., 1970; Kramer, 1981; Tolley & Strain, 1984; Sionit 
et al., 1985; Teskey & Shrestha, 1985; Hollinger, 1987), leading some 
scientists to conclude that declines in forest composition during the next 
decades would not occur (Wigley et al., 1980). We do not expect this effect to 
be significant for two reasons: heat tolerance, which the forest model 
projects will be the primary factor limiting growth of jack pine in the 
Kirtland's warbler habitat as climate changes, would prevent any 
substantial response to CO2 (Botkin & Nisbet, 1990); and as we have shown 
elsewhere (Botkin et al., 1973), competition among trees for light in a mixed 
species forest buffers the forest against CO2 fertilization. With competition 
limited by temperature, light, and soil fertility, the direct response to CO

2 
fertilization is likely to be insignificant. Simulations reported elsewhere 
(Botkin & Nisbet, 1990) indicate that direct effects of carbon dioxide Itfertilization lead to no significant change in projections. 

Some scientists have speculated that an increase in CO2 concentration 
would lead to greater water-use efficiency by trees. Stomata need be open a t' 
shorter time. Seedlings grown under high CO2 atmospheres might have a 
lower stomatal density than those grown under ambient conditions. 
However, we have found no study that allows the determination of a 
quantitative relationship between CO2 concentration and the soil water 
balance in a way that could be incorporated into the forest model. Thus, the 
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possibility remains untested that an increase in water-use efficiency would 
reduce the impacts of global warming on trees. While we believe that this 
response is unlikely to make a significant difference in the results we have 
reported in this paper, studies should be done to improve our.understanding 
of the relationship between CO2 concentration in the air, water-use 
efficiency by trees, and the soil water budget. 

The accuracy of the projections also depends on the accuracy and realism 
of the forest model. In almost 20 years of use, the model has been shown to 
be realistic an.~ accurate for those cases where data exist that can be used for 
validation (Botkin et al., 1973; Botkin, 1981). However, the results obtained 
here suggest that certain specific field and laboratory studies would enhance 
our acceptance of the results. For example, physiological studies of the 
response ofjack pine to increasing temperature would be valuable, as would 
field research on the observed temperature tolerances ofjack pine ecotypes. 
Laboratory studies to improve our understanding of the effects of an 
increase in CO2 concentration on water-use efficiency and on the soil water 
budget would also be valuable. 

In spite of these limitations, the projections raise a warning that climate 
change could have rapid impacts on the habitats ofendangered species, and 
that the management of such habitats might need revision in light of a 
projected global warming. 
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ABSTRACT 

The Moray Firth contains one ofthe best known resident groups ofbottlenose 
dolphins Tursiops truncatus in UK waters. However, despite concerns over the 
fate ofthese animals,few data exist on the size or status ofthis or other small 
cetacean populations around Britain. In August 1989, a coordinated survey 
was carried out around the coast of the Moray Firth to obtain a minimum 
estimate ofthe.number ofbottlenose dolphins present in the area. A minimum 
of62 dolphins was counted during the survey, including at least seven calves. 
Most animals were observed in the inner part ofthe Moray Firth, particularly 
in the narrow mouths of the Cromarty, Beauly and Inverness Firths. These 
results show that coordinated land-based surveys can provide a useful first 
estimate of the population size of coastal small populations. 

INTRODUCTION 

Bottlenose dolphins Tursiops truncatus, Montagu are distributed widely 
throughout the world's warm and temperate oceans, occurring in both 
oceanic and coastal groups (Leatherwood & Reeves, 1983; Martin, 1990). 
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