
J. Biosci., Vol 18, Number 4, December 1993, pp. 515–524. © Printed in India. 
 
 
 
 
Environmental responses of plants and ecosystems as predictors of the 
impact of global change 

 
F STUART CHAPIN III, EMMANUEL RINCON* and 
PILAR HUANTE* 
Department of Integrative Biology, University of California, Berkeley, California 94720, 
USA 
*Centro de Ecologia, Universidad Nacional Autonoma de Mexico, Apdo., Postal 70-275,  
Mexico 04510 D F 
 
MS received 14 August 1992; revised 19 April 1993 
 
Abstract. An understanding of plant responses to fluctuations in environment is critical 
to predictions of plant and ecosystem responses to climate change. In the northern 
hemisphere, the northern limits of distribution of major biomes are probably determined 
by the tolerance of their dominant physiognomic types (e.g., deciduous hardwood trees) to 
minimum winter temperatures and can thus be predicted from long-term patterns of 
temperature fluctuations. At a more detailed level, the responses of functional groups of 
plants to altered climate can be predicted from their known responses to fluctuations in 
soil resources (nutrients and water) and the expected effect of climatic change on these soil 
resources. Laboratory and field experiments demonstrate the feasibility of this approach. 
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Introduction 
 
One of the most basic observations in ecology is that the environment is variable in 
both time and space, making it difficult to predict the future environment or 
vegetation response. However, physiological plasticity enables organisms to adjust 
to environmental variation (Bradshaw 1963). Therefore, even if the environment 
changes substantially, it still may be within the tolerance limits of resident 
organisms. In this article we address the question of how environmental tolerance 
of plants can be used to predict their responses and those of ecosystems to climatic 
change. There are two basic sources of information on which to base these 
predictions: (i) the relationship of plant distribution to present environment and (ii) 
observations on the responses of plants to natural or manipulated changes in 
environment. 
 
Vegetation correlations with climate 
 
Climatic extremes appear more important than climatic averages in predicting 
patterns of vegetation distribution. The poleward limits of many tree species are 
determined by frost sensitivity and freezing tolerance (Sakai and Weiser 1973). For 
example, –40°C is the lower limit of supercooling for most ring-porous hardwood 
trees. Below this temperature intracellular freezing occurs, killing the cells and 
therefore the organism. The northern limit of these tree species correlates closely 
with the record low temperature of –40°C (Sakai and Weiser 1973). Conifers, which
have a different mechanism of freezing tolerance, can withstand the temperature of
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liquid nitrogen and have a correspondingly more extreme latitudinal limit to their 
distribution (Woodward 1987). Similarly, chilling-sensitive broad-leaved tropical 
evergreen trees are killed at 15°C, and their poleward limit coincides with record low 
temperatures of 15°C (Woodward 1987). Woodward (1987) recognized several 
major physiognomic types of vegetation: conifer forest, deciduous forests, broad-
leaved evergreen forests, shrubland, and herb-dominated vegetation, based on the 
assumptions that climate governs the low-temperature or low-moisture limit of 
distribution, and that the mesic limits of distribution are determined by the 
environmental tolerance of a competitively superior but less tolerant physiognomic 
type, Woodward (1987) successfully predicted the global distribution of most major 
physiognomic types of vegetation. These observations suggest that the low-
temperature or low-moisture limit of a physiognomic type is governed by the 
fundamental niche (i.e., physiological tolerance) of the plants, whereas additional 
limits of plant distribution may be determined by other, more complex factors, 
probably mediated by competition. These patterns also indicate that extreme 
events, which are a function of environmental fluctuation, are more useful than 
average conditions in predicting northern limits of physiognomic types. As climate 
changes, the location and frequency of these extreme events will certainly change, 
leading to changes in distribution of biomes. Thus, understanding of patterns of 
environmental variability are critical to predictions of future vegetation distribution. 

Although extreme events predict distributions of general physiognomic types, 
they are inadequate to predict finer distribution patterns of species or functional 
groups of species, i.e., groups of species which show similar responses to change in 
environment. The greater diversity of response by species than by physiognomic 
types occurs because each species has a unique range of environmental conditions 
under which it occurs (Gleason 1927; Whittaker 1975), which seldom coincides 
precisely with their limits of physiological tolerance (Sakai and Weiser 1973). 

Correlation of the current distribution of plants with their current average 
climatic conditions has been the main basis of explaining past patterns of vegetation 
change (Davis 1981; COHMAP 1988) and predictions of future vegetation 
distribution (Solomon 1986; Pastor and Post 1988; Cohen and Pastor 1991; 
Overpeck et al 1990). These studies have led to several important generalizations: (i) 
Each species shows a unique pattern of distribution with climate and responds most 
strongly to different patterns of climatic factors, so that complex climatic changes 
cause species to migrate with different patterns and to form new associations. Thus, 
current plant communities are temporary associations among species that last only 
hundreds or a few thousand years. These communities did not exist as entities in
the past, and there is no reason to expect their continued coexistence in the future. 
Because of the highly individualistic response of species to climate and because this 
response depends on interactions with other species in the community, it is difficult
to determine which aspects of climate are particularly critical to the distribution of 
a species, making predictions of future distribution difficult. (ii) Changes in the 
distribution of a species may lag significantly behind climatic changes where 
dispersal limits the rate of species migration (Davis 1981). Thus, predictions of the 
future response to climate requires some understanding of factors governing the 
regeneration phase. (iii) Projections of the future response of vegetation to climate 
are quite sensitive to availability of soil resources (Pastor and Post 1988; Cohen and 
Pastor 1991), so that knowledge of climate alone is inadequate to predict future 
species distribution. (iv) Finally, in complex and more diverse communities such as
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dry or wet tropical forest there are so many important species that we can never 
hope to understand their climatic controls well enough to predict future vegetation 
changes. What is needed is a simplified classification of species into functional 
groups whose environmental controls can be predicted from general ecological 
principles (Grime et al 1988; IGBP 1990a; Chapin 1993). The question is whether 
there are any predictable responses of groups of species that make a functional-
group classification practical. 
 
3. Vegetation correlation with resources 
 
Given the difficulties of predicting direct species reponses to climate and the 
importance of soil resources in mediating plant responses to climate, the correlation 
of vegetation with soil resources may provide an effective means of predicting the 
response of functional groups of plants to climate change (figure 1; Hobbie et al 
1993). Soil resource availability will respond in predictable ways to altered climate. 
In cold climates, increased temperature will stimulate microbial activity and 
nutrient cycling, thus increasing the availability of commonly limiting nutrients 
such as nitrogen and phosphorus (Chapin et al 1992). In temperate mesic-to-dry 
climates, increased temperature and potential evapotranspiration combined with 
moderate changes in precipitation will decrease soil moisture in mid-continental 
regions (IGBP 1990b). In tropical coastal dry climates, moderate increases in 
temperature with high variations in precipitation are expected (Bullock 1986; de Ita-
Martinez and Barradas 1986; Garcia-Oliva et al 1991; Liverman and O'Brian 1991), 
as observed in the past (figure 2). Rates of nutrient cycling correlate closely with 
availability of most soil resources. Forest clearing for agriculture creates early 
successional habitat with associated increases in light availability. Local and 
regional variations in climatic projections and soil fertility provide logical bases for 
refining these predictions. The major point is that patterns of change in soil 
resources can be predicted from defined scenarios of climatic change (figure 1). Soil 
moisture responds readily and predictably to changes in climate (e.g., IGBP 1990b). 
However, considerable research is necessary to determine to the magnitude and 
timing of the response of soil fertility to changes in climate. At present it is also
difficult to predict how changes in the seasonality of climate affect soil resources
 

 
Figure 1. Interrelationship between climate, soil resources, and functional groups of 
organisms. 
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Figure 2. Total annual precipitation of the last fifteen years at the tropical deciduous 
forest in the Biological Reserve of Chamela, Jalisco, Mexico (19°30'N, 105° 03'W). 

 
 
and the plant phenological patterns necessary to exploit these soil resources 
effectively. 

Changes in availability of soil resources lead to predictable changes in the types 
of plants that can be expected (Grime 1977; Chapin 1980; Tilman 1988). In brief, 
high-resource environments support a high relative growth rate (RGR) through 
high capacities for photosynthesis and nutrient uptake, which in turn require high 
tissue-nitrogen concentrations (figure 3; Chapin 1980; Field and Mooney 1986). 
Continued high rates of resource capture require high rates of root and leaf 
turnover, a process that can be supported at relatively low cost in a high-resource 
environment (Bloom et al 1985; Chapin et al 1987). Conversely, in low-resource 
environments there are inadequate resources to support rapid growth, so plants are 
constrained to grow slowly and are likely to achieve a small size. Because of low 
tissue-nutrient concentrations, plants in low-resource environments have low 
potentials to photosynthesize, transpire, and absorb nutrients. Plants in these
 

 
Figure 3. The relationships among physiological traits in plants from high- and low-
resource environments (modified from Chapin 1980). 
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environments have high root-to-shoot ratios to maximize capture of scarce soil 
resources. Tissue-turnover rates are low, causing tissue nutrients to be retained for  
a long time but also requiring effective chemical defense against herbivores and 
pathogens. These chemical defenses reduce litter quality and reinforce the low 
nutrient availability in these sites (Chapin 1991). 

Experimental evidence supporting these predictions has emerged mainly from 
studies in temperate ecosystems (Chapin 1980; Grime et al 1988; Grime 1991; 
Robinson 1991; Rorison 1991), although recent studies in tropical rain forests 
(Augspurger 1984; Walters and Field 1987; Sanchez-Coronado et al 1989) suggest 
similar patterns with respect to relative growth rate, root-shoot ratios and mineral 
nutrient requirements. Less is known about the highly diverse tropical deciduous 
forest in which the availability of soil resources is restricted by seasonal drought. In 
these forests tree-seedlings occupying resource-rich disturbed areas (e.g., Heliocarpus 
pallidus) show high relative growth rates, high demands for mineral nutrients and a 
low root/shoot ratio (Huante et al 1992). These species also tend to be more 
sensitive to water and mineral nutrient stress (E Rincon, unpublished data). 

In conclusion, if our objective is to predict future distribution of general functional 
groups of plants, this is done most readily by predicting how climate will alter 
resources and how these resources affect different types of plants (figure 4) rather 
than by trying to predict direct climatic effects on distribution of functional groups 
(Hobbie et al 1993). We suggest that functional groups can be defined which are 
similar in their response to several resources, whereas it may be more difficult to 
define functional groups with respect to climate (Chapin 1993). This concept of 
generalized functional groups can be tested using standardized comparative studies 
(Grime et al 1988) in which the plasticity of key physiological traits (e.g., resource 
capture and growth) is documented as a function of various soil resources. 
 

4. Environmental responses of individual plants 
 

Differences in resource requirements determine plant response to environmental 
fluctuations. Plants adapted to high availability of soil resources are sensitive to 
changes in nutrient supply (Grime 1977; Chapin 1980; Shipley and Keddy 1988; 
Campbell and Grime 1989) and other resources such as light and water (Rincon and 
Grime 1989). In these habitats plants respond plastically to localized depletion 
zones around root systems through morphological changes in roots (Drew and 
Saker 1975; Crick and Grime 1987), resulting in reallocation of absorptive surfaces 
from depleted zones into the resource-rich areas. This system of patch exploitation 
requires shoots and roots with a short life span and high rate of tissue turnover. A 
high degree of morphological plasticity associated with active foraging will be of 
selective advantage only where it promotes access to large reserves of light, water, 
and mineral nutrients (Grime et al 1986). Conversely, in habitats where productivity 
is chronically resource-limited, there is less morphological plasticity. On infertile 
soils we expect that resource capture and survival will depend on successful 
exploitation of resource pulses. In unproductive habitats, in which growth is 
frequently uncoupled from resource capture, plasticity would involve reversible 
physiological changes (acclimation; Crick and Grime 1987; Rincon and Grime 1989;
Campbell and Grime 1989; Jackson et al 1990) rather than reallocation of biomass



520  F Stuart Chapin III, Emmanuel Rincon and Pilar Huante 
 

 

Figure 4. (a) Vegetation of dry tropical forest at Chamela in western Mexico, showing a 
variety of dominant growth forms depending on local variation in soil resources. (b) Land 
use change in dry tropical forest at Chamela. (c) Result of experimental manipulation of 
temperature in tussock tundra at Toolik Lake, Alaska. The plots to the left of the plastic 
greenhouses have been exposed to elevated summer temperature (foreground) or elevated 
temperature with added nutrients (background) for three years. (d) Polar desert at Wrangel 
Island, Russia. Productivity is expected to increase with climatic warming. 

 
to facilitate exploitation of resource pulses. These generalizations come from 
screening programs which document the responses of plants to fluctuations in 
resource supply. 
 

5. Environmental responses of communities 
 
The general predictions of the laboratory experiments described above are consistent
with responses of communities to field manipulations. In artic tundra, when light
temperature, and nutrients were manipulated to simulate patterns expected with 
climatic change, each species initially showed a species-specific, unique response to 
our manipulations, which was difficult to predict from general principles (Chapin 
and Shaver 1985). However, after nine years of treatment, there continued to be 
species-specific, unpredictable responses to temperature, but relatively predictabl 
responses to nutrients (F S Chapin III and G R Shaver, unpublished): For example 
Betula nana and other rapidly growing deciduous shrubs increased growth in 
response to nutrient addition, whereas Ledum palustre and other slowly growing 
evergreen species responded negatively to nutrient addition (F S Chapin III and G
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R Shaver, unpublished). Similarly, all species except the most shade-tolerant
understory species responded negatively to reduction in light intensity. These 
results suggest several important conclusions. First, the resource responses observed 
in the field were consistent with predictions of laboratory experiments in that 
rapidly growing species responded positively to nutrient addition but slowly 
growing species responded negatively to this improvement in resource supply, 
presumably through changes in competitive balance. Secondly, it was easier to 
predict responses to altered resource supply than to altered climate. The relatively 
minor increase in nutrient availability that occurred nine years after initiation of
our temperature treatment (F S Chapin III and G R Shaver, unpublished) suggests 
that our experiment was too short for climate to strongly alter soil resource supply. 

A third result of these experiments was that manipulations which benefited some 
species reduced the biomass of other species. Therefore, the overall production of 
the ecosystem was affected much less than the productivity of individual species or 
functional groups. Thus, the contrasting responses of individual species and 
functional groups buffer ecosystem processes such as production and nutrient 
cycling, rendering them relatively resistant to environmental change (Chapin and 
Shaver 1985). 

The buffered response of ecosystem processes is also seen in an unmanipulated 
tundra ecosystem sampled over a period of years. Over a series of years in which 
the productivity of individual species varied 2-8-fold, there was no significant 
variation in productivity of the total community (table 1; Chapin and Shaver 1985). 

Addition of water and nutrients to grassland also gives predictable responses by 
functional groups of species (Lauenroth et al 1978). Rapidly growing forbs and 
grasses responded positively to nutrient and water addition, whereas the more
slowly growing cactus responded negatively. Moreover, when grassland production
 
 
 
Table 1. Annual variation in production (% of 5-year mean) of major species (tundra) or functional 
groups (grassland) and total community aboveground production (calculated from Lauenroth et al 1978 
and Chapin and Shaver 1985). 
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was examined over a series of years, the productivity of individual species varied 
much less than did the productivity of the community as a whole (table 1; 
Lauenroth et al 1978), again indicating the extent to which ecosystem processes are 
buffered by the compensatory responses of individual species. 
 

6. Summary 
 
In conclusion, we suggest that an understanding of plant response to fluctuations in 
environment is critical to predicting plant and ecosystem responses to climatic 
change. The poleward limits of distribution of major biomes are probably 
determined by the tolerance of their dominant physiognomic types (such as 
deciduous hardwood trees) to minimum winter temperature and can thus be 
predicted from long-term patterns of temperature fluctuations (Woodward 1987). By 
contrast, it is more difficult to predict the responses of individual species to climate, 
because each species in a community shows a unique response to climate and 
responds most strongly to different aspects of climate (Davis 1981). Moreover, 
regeneration properties which determine migration rate may strongly influence the 
rate at which a species changes its distribution with respect to changing climate. 

Climatic change will lead to predictable changes in availability of soil resources. 
For example, tundra will probably experience increased nutrient availability, mid-
continental grasslands will see lower soil moisture, and coastal dry tropical forest 
will experience increased soil moisture. Because we can define functional groups of 
plants on the basis of response to fluctuations in resource supply we can predict the 
responses of these functional groups to altered climate as mediated by climatically 
driven changes in resource availability. We suggest that this provides a general basis
for predicting ecosystem response to climate change. 
 
Acknowledgements 
 
These ideas were developed through a collaborative research project funded by 
CONECIT and the National Science Foundation (INT-9102120). 
 
References 
 
Augspurger C Κ 1984 Light requirements of neotropical tree seedlings: a comparative study of growth 

and survival; J. Ecol. 72 777-795 
Bloom A J, Chapin F S III and Mooney Η A 1985 Resource limitation in plants — an economic analysis;

Annu. Rev. Ecol. Syst. 16 363-392 
Bradshaw A D 1963 Evolutionary significance of phenotypic plasticity in plants; Adv. Genet. 13 115-155
Bullock S Η 1986 Climate of Chamela, Jalisco, and trends in the South Coastal Region of Mexico; Arch. 

Meteorol Geophys. Bioclimatol. 36 297-316 
Campbell Β D and Grime J Ρ 1989 A comparative study of plant responsiveness to the duration of 

episodes of mineral nutrient enrichment; New Phytol. 112 261-267 
Chapin F S III 1980 The mineral nutrition of wild plants; Annu. Rev. Ecol. Syst. 11 233-260 
Chapin F S III 1991 Effects of multiple environmental stresses on nutrient availability and use; in

Response of plants to multiple Stresses (eds) Η Α Mooney, W Ε Winner and Ε J Pell (San Diego: 
Academic Press) pp 67-88 

Chapin F S III 1993 Functional role of growth forms in ecosystem and global processes; in Scaling 
physiological processes: leaf to globe (eds) J R Ehleringer and C Β Field (San Diego: Academic Press) 
pp 287-312 



Predicting ecosystem responses to global change 523 
 
Chapin F S III, Bloom A J, Field C Β and Waring R Η 1987 Interaction of environmental factors in the 

control of plant growth; BioScience 37 49-57 
Chapin F S III, Jefferies R L, Reynolds J F, Shaver G R and Svoboda J 1992 Arctic plant physiological 

ecology in an ecosystem context; in Arctic ecosystems in a changing climate (eds) F S Chapin, R L 
Jefferies, J F Reynolds, G R Shaver and J Svoboda (San Diego: Academic Press) pp 441-451 

Chapin F S III and Shaver G R 1985 Individualistic growth response of tundra plant species to 
manipulation of light, temperature, and nutrients in a field experiment; Ecology 66 564-576 

Cohen Υ and Pastor J 1991 The responses of a forest model to serial correlations of global warming; 
Ecology 72 1161-1165 

COHMAP members 1988 Climatic changes of the last 18,000 years: observations and model simulations; 
Science 241 1043-1052 

Crick J C and Grime J Ρ 1987 Morphological plasticity and mineral nutrient capture in two herbaceous 
species of contrasted ecology; New Phytol. 107 403-414 

Davis Μ Β 1981 Quaternary history and the stability of forest communities; in Forest succession: 
concepts and applications (eds) D C West, Η Η Shugart and D Β Botkin (New York: Springer-Verlag) 
pp 132-153 

de Ita-Martinez C and Barradas V L 1986 El clima y los patrones de production agricola en una selva 
baja caducifolia de la costa de Jalisco, Mexico; Biotropica 11 227-235 

Drew Μ C and Saker L R 1975 Nutrient supply and the growth of the seminal root system in barley. II 
Localized, compensatory increases in lateral root growth and rates of nitrate uptake when nitrate 
supply is restricted to only part of the root system; J. Exp. Bot. 26 79-90 

Field C and Mooney Η A 1986 The photosynthesis-nitrogen relationship in wild plants; in On the
economy of plant form and function (ed.) Τ J Givnish (Cambridge: Cambridge Univ. Press) pp 25-55 

Garcia-Oliva F, Ezcurra Ε and Galicia L 1991 Pattern of rainfall distribution in the Central Pacific 
Coast of Mexico; Geogr. Ann. 73 3-4 

Gleason Η A 1927 The individualistic concept of the plant association; Bull Torrey Bot. Club 53 7-26 
Grime J Ρ 1977 Evidence for the existence of three primary strategies in plants and its relevance to 

ecological and evolutionary theory; Am. Nat. 111 1169-1194 
Grime J Ρ 1991 Nutrition, environment and plant ecology: an overview; in Plant growth: interactions with 

nutrition and environment (eds) J R Porter and D W Lawlor (London: Soc. Exp. Biol.) pp 249-267 
Grime J Ρ, Crick J C and Rincon J Ε 1986 The ecological significance of plasticity; in Plasticity in plants 

(eds) D Η Jennings and A J Trewavas (Cambridge: Soc. Exp. Biol.) pp 5-29 
Grime J Ρ, Hodgson J G and Hunt R 1988 Comparative plant ecology. A functional approach to common 

British species (London: Unwin Hyman) 
Hobbie S E, Jensen D Β and Chapin F S III 1993 Resource supply and disturbance as controls over 

present and future plant diversity; in Ecosystem function of biodiversity (eds) Ε-D Schulze and Η A
Mooney (Berlin: Springer-Verlag) pp 385-407 

Huante P, Rincon Ε and Gavito Μ 1992 Root system analysis of seedlings of seven tree species from a 
tropical dry forest in Mexico; Trees 6 77-82 

IGBP 1990a The international geosphere-biosphere programme: a study of global change Report No. 12 
(Stockholm: IGBP Secretariat) 

IGBP 1990b The land-atmosphere interface Report No. 10 (Stockholm: IGBP Secretariat) 
Jackson R B, Manwaring J Η and Caldwell Μ Μ 1990 Rapid physiological adjustment of roots to 

localized soil enrichment; Nature (London) 344 58-60 
Lauenroth W Κ, Dodd J L and Sims Ρ L 1978 The effects of water- and nitrogen-induced stresses on 

plant community structure in a semiarid grassland; Oecologia 36 211-222 
Liverman D Μ and O'Brien Κ L 1991 Global warming and climate change in Mexico; Global Envriron. 

Change 1 351-364 
Overpeck J Τ, Rind D and Goldberg R 1990 Climate-induced changes in forest disturbance and 

vegetation; Nature (London) 343 51-53 
Pastor J and Post W Μ 1988 Response of northern forests to CO2-induced climate change; Nature 

(London) 334 55-58 
Rincon Ε and Grime J Ρ 1989 Plasticity and light interception by six bryophytes of contrasted ecology; 

J. Ecol. 77 439-446 
Robinson D 1991 Strategies for optimizing growth in response to nutrient supply: in Plant growth: 

Interactions with nutrition and environment (eds) J R Porter and D W Lawlor (Cambridge: Cambridge 
Univ. Press) pp 177-205 

Rorison Ι Η 1991 Ecophysiological aspects of nutrition; in Plant growth: Interactions with nutrition and 
environment (eds) J R Porter and D W Lawlor (Cambridge: Cambridge Univ. Press) pp 157-176 



524 F Stuart Chapin III, Emmanuel Rincon and Pilar Huante 
 
Sakai Α and Weiser C J 1973 Freezing resistance of trees in North America with reference to tree 

regions; Ecology 54 118-126 
Sanchez-Coronado Μ Ε, Rincon Ε and Vazquez-Yanes C 1989 Growth responses of three contrasting 

Piper species growing under different light conditions; Can. J. Bot. 68 1182-1186 
Shipley Β and Keddy Ρ A 1988 The relationship between relative growth rate and sensitivity to nutrient 

stress in twenty-eight species of emergent macrophytes; J. Ecol. 76 1101-1110 
Solomon Α Μ 1986 Transient response of forests to CO2-induced climatic change: simulation modeling 

experiments in eastern North America; Oecologia 68 567-579 
Tilman D 1988 Plant strategies and the structure and dynamics of plant communities (Princeton: Princeton 

Univ. Press) 
Walters Μ Β and Field C Β 1987 Photosynthetic light acclimation in two rainforest Piper species with 

different ecological amplitudes; Oecologia 72 449-456 
Whittaker R Η 1975 Communities and ecosystems 2nd edition (London: MacMillan) 
Woodward F I 1987 Climate and plant distribution (Cambridge: Cambridge Univ. Press) 


