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TWO different UK limestone grasslands were exposed t o  simulated climate 
change wi th  the use of nonintrusive techniques t o  manipulate local climate over 
5 years. Resistance t o  climate change, defined as the ability of a community 
t o  maintain i ts composition and biomass in  response t o  environmental stress, 
could be explained by reference t o  the functional composition and successional 
status of the grasslands. The more fertile, early-successional grassland was 
much more responsive t o  climate change. Resistance could not  be explained by 
the particular climates experienced by the two  grasslands. Productive, disturbed 
landscapes created by modern human activity may prove more vulnerable t o  
climate change than older, traditional landscapes. 

The impact of climate change on the struc- 
ture, composition, and function of grassland -
ecosystems is a topic of current concern. 
Climate-driven changes in grassland produc- 
tivity could have serious consequences for 
the distribution and profitability of pastoral 

agriculture (1, 2). Climate change will also 
affect the conservation value of limestone 
grasslands, which are among the most spe- 
cies-rich plant communities in Europe (3, 4). 
Different plant communities, when exposed 
to changes in temperature and precipitation, 
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will respond in different ways and, crucially, 
at different rates. We define the ability of a 
community to maintain its composition and 
biomass in the face of climate change as 
resistance and its rate of recovery as resil- 
ience (5). Here, we report the resistance to 
simulated climate change of two limestone 
grasslands of strongly contrasted composi-
tion, fertility, and successional age. To sim- 
ulate climate change, we applied field manip- 
ulations of local climate (6) to limestone 
grasslands at Buxton, Derbyshire, UK and 
Wytham, Oxfordshire, UK (Table 1). 

Several properties of a plant community 
might influence its resistance to climate 
change. (i) Previous exposure to climatic ex- 
tremes (7, 8). For example, plant communi- 
ties that frequently experience dry conditions 
may be more resistant to the effects of ex- 
treme droughts. (ii) Species richness. Some 
experimental evidence suggests that diverse 
plant communities are more resistant and re- 
silient (9).(iii) Functional composition. Other 
experimental evidence demonstrates that 
plant traits, such as life history and growth 
rate, strongly influence community response 
to climate change and other stresses (10-13). 
(iv) Successional status. Mature plant com- 
munities are widely assumed to be more re- 
sistant to change than early-successional ones 
(14). These hypotheses are not mutually 
exclusive. 

In the context of our two limestone grass- 
lands, these hypotheses make differing pre- 
dictions. It is reasonable to assume that the 
Wytham flora is more accustomed to, and 
therefore arguably more tolerant of, dry and 
warm conditions (Table 1) (3).Both sites are 
species-rich (Table 1); Wytham appears to 
contain slightly more species, but slightly 
fewer were detected on any single sampling 
occasion, probably owing to the much more 
temporally dynamic vegetation at that site. 
Therefore, in this case, species richness pro- 
vides no basis for predicting response to cli- 
mate change. In contrast, the floras of the 
two grasslands are functionally very different 
(Table 1). Nearly half the species at Wytham 
are monocarps, whereas slow-growing sedg- 
es, which make a large contribution to the 
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biomass at Buxton, are completely absent. where necessary to meet the requirements of 
These differences are conveniently summa- ANOVA. At both sites, biomass in control plots 
rized by the mean S score, measured accord- fell to its lowest level in 1996 and subsequently 
ing to a published protocol (15). S scores recovered (19), and this interannual effect was 
range from -2 to +2 and measure proximity larger than any of those due to the treatments. 
to the stress-tolerant comer of the CSR stra- ~elative to the plots receiving extra summer 
tegic triangle (16). Buxton is ancient, stable rain, control biomass fell in 1996 by 40% at 
sheep pasture, whereas Wytham was under Wytham and by 20% at Buxton; the corre-
arable cultivation until relatively recently and sponding falls in droughted plots were 49 and 
is still in a dynamic, early-successional state. 34%, respectively. To remove the effect of this 
We might, therefore, expect Wytham to between-year variation, we plotted total bio- 
prove less resistant to climate change. Func- mass for each treatment as a percentage of 
tional and successional differences between control biomass (Fig. 1). This shows clearly 
the two sites are large and suggest that that responses to climate manipulations were 
Wytham should be more severely affected much more pronounced at Wytham. Also, al- 
than Buxton. Finally, the species richness of though treatment effects were apparent at Bux- 
the two sites is similar and provides no ton in 1996, when biomass of both droughted 
grounds for any prediction. treatments fell relative to the control but that of 

Vegetation dynamics at both sites were watered plots dld not, biomass of all treatments 
strongly influenced by a natural extreme subsequently converged. For perennial grasses 
event. The summer of 1995 was exceptional- and perennial forbs at Buxton, neither of the 
ly hot and dry (1 7), although on account of climate manipulations (temperature or rainfall) 
the timing of recording, the full impact of had significant effects. Biomass of sedges, in 
this extreme weather on the plant communi- contrast, was depressed by winter warming and 
ties was not detected until 1996. Because substantially increased by watering in summer 
Wytham is in an early-successional state, all [F(1,4) = 15.98 and P = 0.016; F(2,8) = 8.91 
Wytham treatments (including the controls) and P = 0.001, respectively]. 
changed significantly in composition over the In contrast to Buxton, substantial treat- 
five years of investigation. As far as possible, ment effects were observed at Wytham; wa- 
we separated these effects from those of the tered and droughted plots consistently di-
treatments. verged in biomass (Fig. 1). Temperature and 

We consider two aspects of resistance to rainfall manipulations significantly affected 
climate change: biomass and species composi- biomass (Table 2). Significant main effects 
tion. Point quadrat touches are an estimate of of temperature and rainfall were detected in 
cover and are correlated with biomass (18). both perennial grasses [F(l, 4) = 11.74 and 
Point quadrat data were analysed by repeated P < 0.05; F(2, 8) = 10.71 and P < 0.01, 
measures analysis of variance (ANOVA), with respectively] and perennial forbs [F(l, 4) = 
two levels of temperature (ambient and elevat- 20.33 and P < 0.05; F(2, 8) = 6.29 and P < 
ed), three levels of rainfall (drought, ambient, 0.05, respectively]. 
and supplemented rainfall), and five replicates To examine changes in species composi- 
(blocks). Analyses were conducted on total tion, we conducted a principal components 
point quadrat touches and on various subsets analysis (PCA) on the combined floristic data 
(e.g., perennial grasses). Data were transformed from both sites. Because the two communi- 

Table 1. Comparison of characteristics of the experimental sites at  Buxton and Wytharn. 

Characteristic Buxton Wytham 

Origin Ancient sheep pasture Arable unti l  1982 
Latitude 53O 20' 51" 46' 
Altitude ( m  asl) 370 150 
Aspect Northwest -
Slope 35O level 
Annual precipitation (mm) 1300 680 
Mean annual temp ("C) 8 10 
Extractable P (mg Plkg soil) 3.6 8.0 
Total number of  species recorded 60 67  
Mean midsummer no. species ( 2 SD) 29.2 (2.6) 26.1 (3.7) 
Perennial grasses (no. o f  spp.) 16 9 
Perennial dicots (no. of spp.) 46 31  
Sedges (no. of spp.) 5 0 
Biennials (no. of spp.) 3 5 
Annuals (no. o f  spp.) 0 22 
Mean S score (76) 0.83 (n = 52) -0.8 (n = 59) 
Shannon-Weiner index controls, 1994 2.4 2.0 
Shannon-Weiner index controls, 1998 2.7 2.0 
Shannon-Weiner index controls, all data 2.7 3.0 
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climate change is conditioned by past climat- 
,0° I Buxton ic experience. The biomass of both commu- 

nities was depressed by drought, especially 

Wytham 

Fig. 1. Mean biomass of all treatments from 
1994 to 1998, expressed as percent of control 
biomass. Descriptions of treatments are given 
in text. W, control (C); A, winter warming 
(WW); @, summer drought (SD); 0,supple-
mented summer rainfall (SR), and their combi- 
nations (A, WWSD; 0,WWSR). Means (f1 
SEM) of absolute data for the main effects of 
the treatments are as follow (i) Buxton: C, 
181.6 (12.75); WW, 183.52 (15.56); SD, 175.4 
(18.78); SR, 220.36 (15.58); WWSD, 192.88 
(21.52); and WWSR, 182.56 (1 1.55). (ii) Wytham: 
C, 212.52 (20.71); WW, 215.84 (25.38); SD, 
199.64 (22.98); SR, 283.2 (25.43); WWSD, 
145.56 (16.77); and WWSR, 226.0 (17.75). 

ties have almost no species in common, the 
first axis of this PCA conveniently separated 
the two sites and allowed direct comparison 
of treatment trajectories at the two sites using 
PCA axes 2 and 3. The results (Fig. 2) expose 
clearly the very contrasted responses of the 
plant communities at the two sites. Over 5 
years, the composition of all treatments at 

0.4 -

.-V) 

4 - Buxton 
a 0.0 Wytham- -
0 

-0.2 -

0 0  0 2  0.4 0 6  0 8  1.0 

PCA Axis 2 

Fig. 2. PCA of the combined floristic data from 
Buxton and Wytham for all treatments. Propor- 
tion of variance accounted for by the PCA axes: 
Axis 1 (not shown), 46%; axis 2, 27%; and axis 
3, 12%. Treatment symbols are as in Fig. 1. 
Because PCA assumes that species vary mono- 
tonically along the axes identified (24) and 
some of our data may have violated this as- 
sumption, we also conducted a detrended cor- 
respondence analysis (DCA). The results of the 
DCA (not shown) were qualitatively identical to 
those of the PCA. 

Buxton varied little, apart from a steady de- 
cline in abundance of sedges in response to 
both warming and drought. At Wytham, PCA 
axis 3 appears to represent a successional 
path being followed by all treatments. Axis 2 
seems to represent treatment effects superim- 
posed on this successional trend. A striking 
feature of the results is the major divergence 
of the watered and droughted treatments in 
1996, the year of lowest biomass (Fig. 2). 

Our results, therefore, support two closely 
related hypotheses outlined earlier. As ex-
pected from both its strategic composition 
and early-successional state, the plant com- 
munity at Wytham was much more dynamic; 
it varied more over time (irrespective of treat- 
ments) and was more responsive to both the 
natural 1995 drought and to the experimental 
drought and warming treatments. There is no 
evidence to support the idea that resistance to 

Table 2. ANOVA results for total biomass at Wytham, showing significant main effects of both the 
temperature and rainfall manipulations. Such effects did occur for the perennial grasses and perennial 
dicots at Wytham and the sedges at Buxton. Main effects of treatments were not significant for total 
biomass at Buxton and for all other groups at both sites. Significant main effects from the repeated 
measures ANOVA were interpreted as consistent long-term impacts of the treatments. Treatment X date 
interactions, which may be open to a variety of interpretations, are not discussed here. 1, winter warming; 
2, summer rainfall manipulations; 3, block; 4, date. Only significant P values (<0.05) are shown. 

df 	 df MSEffect MS 	 F value P value(effect) 	 (error) (error) 

when combined with winter heating, but this 
effect was larger at the warm, dry site. 

Our results have implications for the fu- 
ture of temperate anthropogenic grasslands. 
Fertile or early-successional grasslands, com- 
posed of fast-growing or short-lived species, 
will respond rapidly to climate warming and 
drying; perennial grasses seem particularly at 
risk. More mature and/or less fertile grass- 
lands will respond more slowly. Because ex- 
panding human populations and associated 
land-use changes are steadily replacing un- 
productive ecosystems with more fertile, dis- 
turbed ecosystems, human impacts may be 
making whole landscapes more responsive to 
climate change. 

We are cautious in extrapolating from 
these results. Experimental warming of a sub- 
alpine meadow in Colorado, a plant commu- 
nity successionally and functionally similar 
to that at Buxton, led to a dramatic increase in 
shrubs at the expense of herbaceous plants 
(20). The Colorado meadow, however, was in 
a zone of climatic tension between these two 
growth forms, and the boundary between 
them is known to have moved in response to 
climate change in the past (20). At our sites, 
any major shift in growth form was prevented 
by management. We also emphasize that we 
have reported only resistance to climate 
change; the Buxton community might have 
rather low resilience, especially because most 
of its key species are absent from the soil 
seed bank (21). 

References and Notes 
1. J. E. Hossell et al., Geoforum 27, 149 (1996). 
2. 	 M. Parry, Economic Implications of Climate Change on 

Agriculture in England and Wales (Jackson Environ- 
ment Institute, Univ. College London, London, 1999). 

3. F. Perring, j. Ecol. 48, 415 (1960). 
4. S. 	 H. Hillier, D. W. H. Walton, D. A. Wells, Eds., 

Calcareous Grasslands-Ecology and Management 
(Bluntisham. Huntingdon, UK, 1990). 

5. W. E. Westman, Bioscience 28, 705 (1978). 
6. We aDDlied three climate treatments: (i) Elevation of . . 	 ., 

winter temperature from November to April each 
year, beginning in November 1993. Each heated plot 
contained two 1000 W, 240-V ac heating cables 
(Camplex Thermoforce Ltd., Cockermouth, Cumbria, 
UK) laid in parallel runs at the soil surface (5-cm 
apart.). The temperature of the heated plots was 
maintained at 3°C above ambient by means of tem- 
perature probes linked to a computer-based control 
system. (ii) Rainfall is inhibited at the plot surface 
throughout July and August, beginning in the summer 
of 1994. Summer drought is imposed with automat- 
ically operated, semi-transparent rain shelters, which 
slide across the plot at the onset of rain and then 
retreat to an off-plot resting position when rain 
ceases. (iii) Additional (deionized) water was added 
to the plots regularly during the months June through 
September (beginning in summer 1994), such that 
the equivalent of 20% more than the 10-year aver- 
age precipitation for that period was received. Extra 
rainfall was applied using a calibrated hose with spray 
nozzle. Factorial combinations of the three climate 
manipulations were applied to 3 m by 3 m plots in a 
fully randomized block design, replicated five times. 
Each replicate block consisted of nine plots, two of 

764 	 4 AUGUST 2000 VOL 289 SCIENCE www.sciencernag.org 



R E P O R T S  

which were spare, and the remainder containing one 
each of elevated winter temperature, controlled sum- 
mer drought, supplemented summer rainfall, elevat- 
ed winter temperature and summer drought, elevat- 
ed winter temperature and supplemented summer 
rainfall, control, and cable control (ambient condi- 
tions with unconnected heating cables). At the end of 
the growing season, all plots were cut to a height of 
4 to 5 cm to maintain a short turf. At Buxton, point 
quadrat surveys were conducted on four occasions 
per year, with the first in April and the last in late 
September. from 1994 to 1997. During the same 
period, vegetation surveys took place every 6 weeks 
at Wytham. More recently (1998 onwards) point 
quadrat sampling has been conducted only once 
(Buxton) or twice (Wytham) per year. Analysis was 
restricted here to data collected each year in late 
June/early July, the time of maximum plant growth 
and immediately before the imposition of the 
drought treatment. Thus, the data collected in any 
year do not reflect the immediate effects of the 
drought treatment applied in that year. 

7. 	J. Levitt. Responses of Plants to Environmental 
Stresses. Volume 11. Water, Radiation, Salt, and Other 
Stresses (Academic Press, New York, 1980). 

8. C. j. Pollock, 1.Agric Sci. 115, 1 (1990). 
9. D.. .-A. .Frank and 5. 1. McNaughton. Oikos 62. 360 

(1991). 
10. j. Leps, j. Osbornova-Kosinova, M. Rejmanek, Vegeta- 

tio 50. 53 (1982). , , 
11. C. W. MacCillivray et al., Funct. Ecol. 9.640 (1995). 
12. S. Diaz and M. Cabido, J. Veg. Sci. 8, 463 (1997). 
13. D. A. Wardle, 0. Zackrisson. C. Hornberg, C. Callet, 

Science 277, 1296 (1997). 
14. E. P. Odum, Science 164. 262 (1969). 
15. J. C. Hodgson, P. J. Wilson, R. Hunt, J. P. Crime. K. 

Thompson, Oikos 85, 282 (1999). 
16. CSR (22) theory divides plants into three 	broad 

categories, with extreme types at the corners of an 
equilateral triangle. Competitors (C) and ruderals 
(R) are found in fertile undisturbed and disturbed 
habitats respectively. Stress tolerators (5) are char- 
acteristic of infertile undisturbed habitats and are 
typically slow-growing, long-lived evergreens. 
Proximity t o  the stress-tolerant corner of the CSR 
triangle (a high S score) is correlated with low 
growth rate, low palatability, and low leaf nutrient 
concentrations (23). In previous work, i t  has also 
proved to  be a good predictor of high resistance t o  
climate change (7 7). 

17. 5. M. Buckland, J. P. Crime, K. Thompson, K. J. C. 
Hodgson,I .  Ecol. 85, 875 (1997). 

18. D. W. Coodall, Aust. I. Agric. Res. Ser. B 5. 1 (1952). 
19. A summary of the absolute species data for both sites 

can be found in Web table 1, available at Science 
Online at w.sciencemag.org/feature/data/1050307. 
shl. 

20. J. Harte and R. Shaw, Science 267, 876 (1995). 
21. R. M. Bekker, j. 	 H. J. Schaminee, J. P. Bakker, K. 

Thompson, Acta Bot. Neerl. 47, 15 (1998). 
22. J. P. Crime, Nature 250, 26 (1974). 
23. et al., Oikos 79, 259 (1997). 
24. H. C. Cauch Jr., Multivariate Analysis in Community 

Structure (Cambridge Univ. Press, Cambridge, 1982). 
25. This research formed part of the Terrestrial Initia- 

tive in Global Environmental Research (consortium 
IV, 2c) supported by the UK Natural Environment 
Research Council (NERC). Additional financial sup- 
port was provided by the NERC and the Centre for 
Ecology and Hydrology. We thank the Health and 
Safety Laboratory and the Wytham Management 
Committee for permi$sion t o  use the Buxton and 
Wytham sites, respectively. We are grateful t o  A. 
Jackson and J. Collins (Dept. of Mechanical Engi- 
neering, Sheffield University) for the construction 
of the rainshelters, M. Day and staff (Wytham 
Woods) for co-operation and assistance with mov- 
ing and storing equipment, and M. Marecroft and 
M. Taylor (Environmental Change Network, 
Wytham) for facilitating support in the field re-
cently. Thanks also go to 5. Mortimer, who com- 
mented on an earlier draft of this manuscript. 

10 March 2000; accepted 5 July 2000 

CikA, a Bacteriophytochrome 

That Resets the Cyanobacterial 


Circadian Clock 

Oliver Schmitz,'* Mitsunori ~atayama,'.~ Stanly B. Williams,' 

Takao K o n d ~ , ~  Susan S. Golden1? 

The circadian oscillator of the cyanobacterium Synechococcus elongatus, like 
those in eukaryotes, is entrained by environmental cues. Inactivation of the 
gene cikA (circadian input kinase) shortens the circadian period of gene ex- 
pression rhythms in 5.elongatus by approximately 2 hours, changes the phasing 
of a subset of rhythms, and nearly abolishes resetting of phase by a pulse of 
darkness. The CikA protein sequence reveals that i t  is a divergent bacterio- 
phytochrome with characteristic histidine protein kinase motifs and a cryptic 
response regulator motif. CikA is likely a key component of a pathway that 
provides environmental input to the circadian oscillator in 5. elongatus. 

The cyanobacterium S. elongatus PCC 7942 
(I) exhibits circadian rhythms of gene ex-
pression that can be monitored using lucif- 
erase reporter genes (2). These biolumines- 
cence rhythms persist with a period of ap- 
proximately 24 hours, are temperature com- 
pensated, and their phase can be reset by 
lightldark transitions or by temperature cues 
(3). The cyanobacterial clock exhibits these 
characteristics of eukaryotic circadian clocks 
despite a lack of apparent homology between 
its protein components and those identified in 
other groups of organisms (4). For example, 
the complete genome sequence of Synecho-
cystis sp. strain PCC 6803 is devoid of se- 
quences similar to clock genes of Dvosophila, 
such as period, timeless, Clock, and cycle, or 
the frequency gene of Neuvospova (4, 5). 
Likewise, no homologs of the cyanobacterial 
kaiA, kaiB, or kaiC genes, essential for circa- 
dian rhythmicity (6 ) ,have been detected thus 
far in eukaryotes. Other cyanobacterial genes 
that, when mutated, affect relay of temporal 
information from the clock to downstream 
genes include a sigma factor (7)  and a puta- 
tive carboxylase (8).A histidine protein ki- 
nase, SasA, interacts with the KaiC protein 
and works with the oscillator either at a point 
of environmental input or of output transduc- 
tion to all downstream genes (9).We describe 
here a new clock-associated gene, cikA, that 
lies on an input pathway that supplies phase- 
setting information to the S. elongatus clock. 

The cikA gene was identified from a Tn5 
transposon insertion mutant (2) that showed 
subtle alteration in light-responsive regula- 
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tion of a photosystem I1 gene, psbAII (10). 
Expression of a psbAII::luxAB (bacterial lu- 
ciferase) fusion in the mutant was 50 to 80% 
of wild type under low light conditions and 
showed exaggerated induction on exposure to 
higher light intensity (11). However, a more 
striking circadian (2, 12) phenotype was not- 
ed: the period of bioluminescence oscillation 
was shortened by approximately 2 hours 
(22.80 ? 0.45 versus 24.71 ? 0.25, n = 12), 
and the relative timing of peaks (phase angle) 
was offset by approximately 6 hours (Fig. 
1A). 

Reduction of both period and amplitude 
was observed with all reporters (Fig. 1, A to 
D) (e.g., periods for kaiB::luxAB, 22.36 ? 
0.47 hours versus 25.24 ? 0.35 hours, n = 

12; for puvF::luxAB, 22.75 2 0.24 hours 
versus 24.86 2 0.33 hours, n = 12). None- 
theless, expression from the kaiB promoter, 
indicative of clock gene expression, remained 
robustly rhythmic with no notable alteration 
in phase angle (Fig. 1B). The biolumines- 
cence rhythm from apuvF::lucreporter (fire- 
fly luciferase) was also affected in both am- 
plitude and period (Fig. lC), indicating that 
the phenotype is not related to the substrates 
of bacterial luciferase and that it extends to 
class 2 genes [puvF peaks at subjective dawn 
and is defined as class 2; the majority of gene 
expression patterns in the organism peak near 
subjective dusk and are defined as class 1 
(13)l. A gentamycin resistance cassette in- 
serted in both orientations with respect to the 
cikA open reading frame (OW) caused phe- 
notypes identical to those of the original Tn5 
insertion mutant (Fig. ID). Note that the 
kaiA::luxAB reporter showed an altered 
phase-angle phenotype; thus, in the cikA ge-
netic background, the relative phasing of 
kaiA and kaiBC expression is uncoupled 
without dramatically affecting circadian tim- 
ing (Fig. 1 ,  B and D), as was previously 
demonstrated for mutation of the cpmA gene 
(8). 
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