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Climatic forcing and primary productivity in a subalpine lake: Interannual variability
as a natural experiment

Abstract—We analyzed a 42-yr record of primary produc-
tivity in small, subalpine Castle Lake to determine how cli-
matic variability might influence lake primary productivity. A
Pacific Decadal Oscillation (PDO) polarity reversal in 1977
significantly affected winter air and summer water tempera-
tures in Castle Lake. The timing of lake ice-out was explained
by spring air temperature and winter total precipitation (r2 5
0.72) and significantly affected water temperature (r2 5 0.74).
Primary productivity was negatively correlated with ice-out
date and positively correlated with primary productivity dur-
ing the previous year (r2 5 0.47). Alternatively, primary pro-
ductivity was positively correlated with water temperature and
primary productivity during the previous year (r2 5 0.49).
Ammonium availability immediately after ice-out was signif-
icantly related to primary productivity from the previous and
the current year, suggesting that nutrient availability is an im-
portant mechanism for the serial correlation. Daphnia and cy-
anobacteria biomass also increased during warmer years. Our
results suggest that variability in air temperature and precipi-
tation from global warming, PDO, and the El Niño Southern
Oscillation (ENSO) influence primary productivity and plank-
ton communities in North American dimictic lakes.

There is considerable concern that human activities are
transforming the global climate and that anthropogenically
driven global climatic warming might alter biological pro-
cesses (IPCC 2001). During the last 100 years, global mean
surface temperature has increased by ;0.6 6 0.28C (IPCC
2001), while anthropogenic greenhouse gas loading has in-
creased markedly. General circulation models (GCMs) pre-
dict that doubling atmospheric concentrations of the green-
house gas CO2 could cause global temperature increases of
1.7–4.98C over the next century (Wigley and Raper 2001).
This projected change in global temperatures has also in-
creased scientific interest in the relationship between climate
and basic biological processes in natural ecosystems.

Recent simulation studies have predicted that doubling
CO2 would shorten the ice cover period and increase water
temperatures in lakes (Fang and Stefan 1999). One of the
most important biological processes that have the potential
to be affected by climatic change is primary productivity.
Primary production is also important because it consumes
CO2 and thus sequesters some of this greenhouse gas and
plant nutrients, especially at the scale of the world’s oceans.
Despite the tremendous interest in this topic, there is limited
empirical evidence indicating how lake primary productivity
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might respond to global warming (Carpenter et al. 1992;
Magnuson et al. 1997; however, see Byron and Goldman
1990; Findlay et al. 2001). Because primary production pro-
vides the energetic basis for almost all ecosystems, it is es-
sential to know how interannual variability of primary pro-
ductivity is controlled by the underlying mechanisms that
drive this process at longer time scales. This study investi-
gates the effects of climate variability, especially in air tem-
perature, on interannual variability of primary production
and the plankton community in a small subalpine lake.

The primary productivity and general limnology of Castle
Lake, a small subalpine lake in the Siskiyou Mountains of
northern California, have been monitored every 5–7 d for 4
months (from June to September), as well as monthly in the
spring and in fall since 1959. Primary productivity was mea-
sured weekly at 2.5-m increments from 0 to 30 m depth on
each sampling date using standard light/dark 14C uptake
methods. Daily primary productivity was calculated as
depth-weighted averages for the summer period and was av-
eraged into monthly means by trapezoidal integration (Jass-
by et al. 1990). Summer means were calculated from the
four monthly averages per summer season. In early summer,
Castle Lake typically has two primary productivity peaks at
;3 and 20 m. The deeper primary productivity peak dis-
appears as summer progresses. The thermocline usually oc-
curs between 6 and 13 m in Castle Lake (Strub et al. 1985).
In this study, we defined the epi-metalimnion as a layer be-
tween 0 and 12.5 m and the hypolimnion as the layer be-
tween 12.5 and 30 m. We used whole-column averages for
primary productivity and water temperature. Climate data
comprising continuous daily records for the entire study pe-
riod were obtained from a weather station in McCloud, Cal-
ifornia, which is ;20 km from Castle Lake. Ammonium was
analyzed within 24 h of sample collection with the phenol-
hypochlorite method. Phytoplankton were counted and mea-
sured with a Wild inverted microscope by the Utermöhl tech-
nique to generate biovolume estimates for each taxon. Other
procedural details are described in Goldman and de Ame-
zaga (1984) and Jassby et al. (1990).

Most statistical analyses were performed with S-Plus 6 for
Windows, whereas multicollinearity diagnoses using the var-
iance inflation factor (VIF) were done with SAS 6.12 for
Macintosh. Serious multicollinearity (VIF . 10) was not
detected in our analyses. To check for autocorrelation in the
time series, we carried out Durbin–Watson (DW) tests with
our multiple regressions and reported the probability of hav-
ing a significant autocorrelation (P , DW). For each vari-
able in the multiple regression analyses, we calculated
squared semipartial correlation coefficients that describe the
proportion of unique variance accounted for by each predic-
tor relative to total variance for the dependent variable. For
intervention analyses, we tested a step intervention at the



615Notes

Fig. 1. (A) Mean annual air temperature and mean winter air
temperature (AT) at the McCloud Weather Station located 20 km
from Castle Lake and the average winter (November–March) Pacific
Decadal Oscillation (PDO) index. (B) Water temperature (WT) in
the epi-metalimnion, WT(0–12.5 m), and in the hypolimnion,
WT(12.5–30 m). (C) Primary productivity (PPr) in the epi-metal-
imnion and in the hypolimnion. Before we examined the long-term
trends for these variables, we conducted Durbin–Watson tests to
ascertain whether these time series had autocorrelations. A multi-
year ‘‘drought’’ from 1988 to 1993 is shown in panel C.

Fig. 2. (A) Mode and (B) amplitudes determined by a PCA of
the eight time series (i.e., two layers and 4 months) of monthly
mean water temperature from June to September in the epi-metal-
imnion and the hypolimnion. Panel A: e, epi-metalimnion; h, hy-
polimnion. Numerals indicate months. For example, e6 indicates
epi-metalimnion in June.

Pacific Decadal Oscillation (PDO) polarity reversal year
(1977) for winter (January–April) air temperature, annual air
temperature, the winter El Niño Southern Oscillation
(ENSO) index, water temperature, winter precipitation, and
summer primary productivity (Wei 1990). Monthly PDO
data from November to March were averaged to produce a
winter PDO index (Mantua et al. 1997).

During the 42-year study period, Castle Lake and the sur-
rounding region experienced a significant increase in mean
annual air temperatures of 0.918C (Fig. 1). Mean annual air
temperature and mean winter (January–April) air tempera-
ture showed significant increasing trends over time (yr) (for
mean annual air temperature [8C], slope 5 0.0218, intercept
5 233.124, n 5 40, r2 5 0.195, P 5 0.0044; for mean
winter air temperature [8C], slope 5 0.031, intercept 5
257.724, n 5 40, r2 5 0.141, P 5 0.017). However, mean
summer water temperature and primary productivity did not
show any clear trends after removing a serial correlation (1-

yr autocorrelation). This is probably attributable to a greater
influence of short-term climatic processes relative to the di-
rect effects of warming through air temperature on the Castle
Lake ecosystem.

Large-scale climate events prevalent in the western United
States include ENSO and PDO. Previous studies found that
ENSO was associated with unusually low or high primary
productivity in Castle Lake (Strub et al. 1985; Jassby et al.
1990). In the present study, we also investigated the influ-
ence of the PDO on air and water temperatures and primary
productivity. Intervention analyses suggested that a PDO po-
larity reversal (which occurred in 1977) significantly affect-
ed winter air and summer water temperatures in Castle Lake,
whereas there was no evidence of correlation of the PDO
with annual air temperature or primary productivity. PDO
index was correlated with winter air temperature (r2 5 0.18,
P 5 0.0063, n 5 40), but further correlations of PDO were
not detected.

From principal component analyses (PCA) (see Jassby
2000 for details), we found that the majority of interannual
variability in water temperature took place in June and July
and in the epi-metalimnion (Fig. 2). This pattern suggests a
connection between water temperature and presummer pro-
cesses such as ice-out and spring warming. A Monte Carlo
test showed that there is only one statistically significant
mode (i.e., the layers and months vary together). This sup-
ports the use of mean water temperature over the entire water
column during the summer season.

On the basis of a 27-yr data set of primary productivity
and other climatic and limnological variables, Goldman et
al. (1989) proposed a conceptual model in which summer
primary productivity is regulated by snowfall (thickening
snow-ice pack delaying ice-out timing), winter total precip-
itation (through hydraulic flushing), and a serial correlation
(autocorrelation from previous year’s primary productivity)
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Fig. 3. Coefficients of determination (r2) between monthly
means and moving averages of (A) air temperature (AT) and (B)
precipitation (PR) with ice-out date, (C) air temperature, and (D)
precipitation with water temperature PCA amplitudes for Castle
Lake. Numbers in parentheses indicate the number of months av-
eraged. Moving averages were plotted on the last month. For ex-
ample, the moving average between March and June for air tem-
perature was plotted as June on the x-axis.

Fig. 4. Water temperature (WT) versus (A) mean annual diatom
and cyanobacteria biovolume and (B) mean annual Daphnia rosea
biomass in the whole-water column of Castle Lake. Cyanobacteria
biovolume had a significant positive relationship (y 5 256,462.8
1 6597.0x; r2 5 0.306; n 5 15; P 5 0.0326) with water temper-
ature while diatom biovolume was not significantly correlated.
Daphnia biomass was significantly correlated with water tempera-
ture (y 5 234.79 1 4.46x; r2 5 0.373; n 5 17; P 5 0.0092).

of unknown origin. Furthermore, Jassby et al. (1990) showed
that early and later summer primary productivity were reg-
ulated by different variables. The model of Jassby et al.
(1990) is quite comprehensive and includes both climatic
and trophic factors to explain summer primary productivity
at Castle Lake. However, mechanisms for the serial corre-
lation in primary productivity remained unknown, and the
model did not directly include air and water temperatures,
two important factors in predicting ecosystem responses to
future climate change. Recent studies on the North Atlantic
Oscillation (NAO) suggest that both winter and spring
weather conditions (e.g., air temperature) influence water
temperature and thus biological interactions in lakes (Gerten
and Adrian 2000). To extend these studies, we chose to ex-
amine the relative importance of the prevailing weather, such
as precipitation and air temperature, on lake water temper-
atures.

In Castle Lake, the timing of ice-out is an important factor
regulating primary productivity via its influence on algal bio-
mass (chlorophyll) accumulation during the phytoplankton
growing season and nutrient supply from the hypolimnion
as a result of vertical mixing (Jassby et al. 1990). Ice-out
date at Castle Lake is related to winter snowfall (Goldman
et al. 1989) and total precipitation (Goldman and de Ame-
zaga 1984). Because the climatic data used in this study
came from a weather station located at a lower elevation
(where it sometimes rains when it snows in the Castle Lake
area), we regard total precipitation data as more represen-
tative of hydrological inputs to Castle Lake than snowfall or
rainfall. Because air temperature might influence the thick-

ness of the ice-snow pack in addition to snowfall (Livingston
1999), we built a two-factor (air temperature and total pre-
cipitation) regression model for the ice-out date. Of monthly
and multimonthly averages of air temperature and total pre-
cipitation, April mean air temperature (TAIR4, 8C) and total
precipitation between February and April (PREC24, mm)
showed the highest correlation with ice-out date (day of
year) (Fig. 3A,B). With the use of these variables (P 5
0.0001 for TAIR4 and P , 0.0001 for PREC24), our model
explained 72% of the variation in the ice-out date in our 42-
yr data set (n 5 35).

D 5 141.79 1 (24.97) 3 T 1 0.148 3 PREC (1)ice-out AIR4 24

Squared semipartial correlation coefficients for TAIR4 and
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PREC24 were 0.166 and 0.324, respectively. Autocorrelation
in the residuals was checked with the Durbin–Watson test,
and the probability of autocorrelation (P , DW) was 0.31.
Similarly, TAIR47 and PREC24 exhibited the highest correlation
with the amplitudes for the PCA of summer water temper-
ature (Fig. 3C,D). Winter total precipitation and spring air
temperature appear to be important in determining the ice-
out date and summer air temperature at Castle Lake.

Using ice-out date and the serial correlation in primary
productivity, we were able to explain 47% of the variation
in the long-term primary productivity record. This regression
model comprised a positive serial correlation (e.g., the pre-
vious year’s primary productivity, PPrt21; P 5 0.0009) and
a negative correlation with ice-out date (P 5 0.0009; n 5
37; P , DW 5 0.1661).

PPr 5 531.37 1 (22.42) 3 D 1 0.47 3 PPr (2)t ice-out t21

PPrt is the mean summer primary productivity (mg C m22

d21). Squared semipartial correlation coefficients for Dice-out

and PPrt21 were 0.204 and 0.205, respectively. Primary pro-
ductivity tended to be high when the previous year’s primary
productivity and winter air temperature were high and the
previous winter’s total precipitation was low.

Among numerous effects of ice-out timing, the most ob-
vious is on water temperature. Ice-out date explained 74%
of the interannual variability for summer water temperatures
(y 5 19.31 2 0.05x; r2 5 0.744, n 5 37, P , 0.0001). Thus,
variability for primary productivity could also be accounted
for by seasonal mean water temperature (WT; P 5 0.0003),
replacing ice-out date accordingly (n 5 41, P , DW 5
0.2494).

PPr 5 2270.58 1 (37.86) 3 WT 1 (0.51) 3 PPr (3)t t21

This statistical model explained 49% of interannual vari-
ability for Castle Lake primary productivity and squared
semipartial correlation coefficients for WT and PPrt21 were
0.219 and 0.242, respectively. Probability for PPrt21 variable
was 0.0001.

Both ice-out timing and water temperature are associated
with plausible causal pathways, but we do not have enough
data to resolve which is most important. Ice-out timing af-
fects phytoplankton standing crop by changing the phyto-
plankton growing season, providing turbulent conditions for
diatom growth (Gerten and Adrian 2000), reducing initial
phytoplankton biomass by hydraulic flushing after ice-snow
pack melting (Goldman et al. 1989), and modifying nutrient
supply via the extent of spring mixing (Jassby et al. 1990).
Elevated water temperature can increase primary productiv-
ity either by metabolically enhancing photosynthesis or by
increasing nutrient availability by accelerating nutrient re-
generation rates (Rustad et al. 2001). To understand how the
spring ice-out process affects interannual variability of pri-
mary productivity via flushing, water temperature, and the
length of the growth period, it will be necessary to focus
future sampling between the ice-out date and the start of the
summer growing season.

Primary productivity in Castle Lake has previously been
shown to have a strong positive correlation with the previous
year’s primary productivity (Goldman et al. 1989; Jassby et
al. 1990); however, the mechanism behind this strong serial

correlation was not clear. We hypothesized that higher pri-
mary productivity might increase nutrient supplies in the fol-
lowing year. Castle Lake is nitrogen and phosphorus col-
imited and inorganic nutrient concentrations in the photic
zone decrease rapidly immediately after ice-out and spring
mixing (Elser et al. 1995). Of available nitrogen forms,
spring ammonium concentration (mean ammonium concen-
tration during the month after ice-out, NHXt [mg N L21])
explained summer primary production much better than
spring nitrate concentrations (NOXt [mg N L21]) (P 5 0.003
for NHX; P 5 0.330 for NOX).

PPrt ø NHXt 1 NOXt (4)

Spring inorganic phosphorus data were not available for
many years. Therefore, we used NHXt as a surrogate for
spring nutrient availability for primary production in the
summer and substituted the serial correlation term (PPrt21)
in Eqs. 2 and 3 with NHXt.

PPr 5 648.31 1 (22.46) 3 D 1 (13.62) 3 NHX (5)t ice-out t

PPr 5 (282.01) 1 (32.00) 3 WT 1 (15.90) 3 NHX (6)t t t

The substitution of NHXt for the serial correlation term
(PPrt21) improved the primary productivity model, explain-
ing 73% (Eq. 5) and 63% (Eq. 6) of the variation in the
long-term primary productivity record without causing au-
tocorrelations in the residuals (P , DW 5 0.8022 and
0.4410 for Eqs. 5 and 6, respectively). Squared semipartial
correlation coefficients for Dice-out (P 5 0.0004) and NHXt

(P 5 0.0060) were 0.313 and 0.156 for Eq. 5, and those for
WTt (P 5 0.0060) and NHXt (P 5 0.0052) were 0.224 and
0.214 for Eq. 6. Higher primary productivity significantly
contributed to a larger anoxic layer (depths with DO , 1
mg O2 L21; r2 5 0.231, intercept 5 1.719, slope 5 0.009,
n 5 35, P 5 0.0035), which should result in greater releases
of ammonium and dissolved phosphorus from the sediments.
Higher water temperatures also could have enhanced nutrient
regeneration throughout the water column. Both mechanisms
could result in a greater nutrient supply being available for
the next year’s production.

Further analyses could not elucidate the mechanism un-
derlying the connection between primary productivity and
nutrient availability with our current data set. For example,
both water temperature (WTt21) and the anoxic layer depth
(ANOXIAt21 [m]) during the previous year did not signifi-
cantly improve a model using the previous year’s primary
production (PPrt21) (P 5 0.183 for WTt21; P 5 0.683 for
ANOXIA; P 5 0.006 for PPrt21).

NHXt ø PPrt21 1 WTt21 1 ANOXIAt21 (7)

Similarly, we could not detect significant contributions from
winter climate variables such as winter precipitation (PRCPt

[mm]) or winter snowfall (SNOWt [mm]) to explain NHXt

(P 5 0.253 for PRCPt; P 5 0.118 for SNOWt; P 5 0.005
for PPrt21).

NHXt ø PPrt21 1 PRCPt 1 SNOWt (8)

Winter climate variables such as winter precipitation and
winter air temperature affect summer primary productivity
through ice-out timing and water temperature. In addition,
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nutrient availability in the spring is influenced by the pre-
vious year’s primary productivity and influences summer pri-
mary productivity in the following summer.

Studies of producer communities in other systems have
shown that climate warming affects species composition
(Nehring 1998). For Castle Lake, we found that increasing
water temperatures were accompanied by increasing mean
summer cyanobacteria biovolume, whereas the mean sum-
mer diatom biovolume was unrelated to summer water tem-
peratures (Fig. 4A). Other phytoplankton groups also did not
show significant trends with water temperature. Changes in
producer community composition, such as the relative in-
crease in cyanobacteria biomass observed in Castle Lake,
can affect a multitude of ecosystem processes, including tro-
phic transfer efficiencies at the producer–consumer interface
(Park et al. 2003).

To explore how climate-induced variability in water tem-
perature and primary productivity affect Daphnia rosea bio-
mass, we constructed a multiple regression model for mean
summer D. rosea biomass (DAPHNIAt [mg DW L21]) using
mean summer water temperature (WTt) and primary pro-
ductivity (PPrt) (n 5 17, P , DW 5 0.1271):

DAPHNIAt ø PPrt 1 WTt (9)

We found WT explained Daphnia biomass significantly (Fig.
4B), whereas PPr did not (P 5 0.003 for WT; P 5 0.105
for PPr), supporting the results reported by Straile (2000).
Squared semipartial correlation coefficients for PPrt and WTt

were 0.199 and 0.483, respectively. These results are con-
sistent with findings from European lakes, where warm win-
ter air temperatures caused by the NAO enhanced Daphnia
biomass (Straile and Adrian 2000).

Our analyses of the long-term Castle Lake data set showed
that climatic forcings such as spring air temperature and win-
ter precipitation were related to variability in the timing of
lake ice-out and that, in turn, ice-out timing influenced water
temperature, primary productivity, phytoplankton commu-
nity composition, and Daphnia biomass. Our results suggest
that changes in air temperature and precipitation as a result
of global warming, PDO, and ENSO could substantially af-
fect primary productivity and plankton communities in
North American dimictic lakes.

Sangkyu Park1

Department of Environmental Science and Policy
University of California
Davis, California 95616

Michael T. Brett

Department of Civil and Environmental Engineering
University of Washington
Seattle, Washington 98195

Anke Müller-Solger
Charles R. Goldman

Department of Environmental Science and Policy
University of California
Davis, California 95616

1 Present address: West Sea Fisheries Research Institute, San 66-
3, Eulwang-dong, Jung-gu Incheon 400-420, Korea

References

BYRON, E. R., AND C. R. GOLDMAN. 1990. The potential effects of
global warming on the primary productivity of a subalpine
lake. Water Resour. Bull. 26: 983–989.

CARPENTER, S. R., S. G. FISHER, N. B. GRIMM, AND J. F. KITCHELL.
1992. Global change and freshwater ecosystems. Annu. Rev.
Ecol. Syst. 23: 119–139.

ELSER, J. J., F. S. LUBNOW, E. R. MARZOLF, M. T. BRETT, G. DION,
AND C. R. GOLDMAN. 1995. Factors associated with interannual
and intraannual variation in nutrient limitation of phytoplank-
ton growth in Castle Lake, CA. Can. J. Fish. Aquat. Sci. 52:
93–104.

FANG, X., AND H. G. STEFAN. 1999. Projections of climatic change
effects on water temperature characteristics of small lakes in
the contiguous U.S. Clim. Chang. 42: 377–412.

FINDLAY, D. L., S. E. M. KASIAN, M. P. STAINTON, K. BEATY, AND

M. LYNG. 2001. Climatic influences on algal populations of
boreal forest lakes in the Experimental Lakes Area. Limnol.
Oceanogr. 46: 1784–1793.

GERTEN, D., AND R. ADRIAN. 2000. Climate-driven changes in
spring plankton dynamics and the sensitivity of shallow polym-
ictic lakes to the North Atlantic Oscillation. Limnol. Oceanogr.
45: 1058–1066.

GOLDMAN, C. R., AND E. DE AMEZAGA. 1984. Primary productiv-
ity and precipitation at Castle Lake and Lake Tahoe during
twenty-four years, 1959–1982. Verh. Int. Ver. Limnol. 22:
591–599.

, A. JASSBY, AND T. POWELL. 1989. Interannual fluctuations
in primary production: Meteorological forcing at two subalpine
lakes. Limnol. Oceanogr. 34: 310–323.

[IPCC] INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE. 2001.
Climate change 2001: Synthesis report—a contribution of
Working Groups I, II and III to the Third Assessment Report
of the Intergovernmental Panel on Climate Change. Cambridge
Univ. Press.

JASSBY, A. D. 2000. Uncovering mechanisms of interannual vari-
ability from short ecological time series, p. 285–306. In G.
Fogg, D. Hinton, M. Johnson, and K. Scow [eds.], Integrated
assessment of ecological health. CRC Press.

, T. M. POWELL, AND C. R. GOLDMAN. 1990. Interannual
fluctuations in primary production: Direct physical effects and
the trophic cascade at Castle Lake, California. Limnol. Ocean-
ogr. 35: 1021–1038.

LIVINGSTON, D. M. 1999. Ice break-up on southern Lake Baikal and
its relationship to local and regional air temperatures in Siberia
and to the North Atlantic Oscillation. Limnol. Oceanogr. 44:
1486–1497.

MAGNUSON, J. J., AND OTHERS. 1997. Potential effects of climate
changes on aquatic systems: Laurentian great lakes and Pre-
cambrian shield region, p. 7–53. In C. E. Cushing [ed.], Fresh-
water ecosystems and climate change in North America. John
Wiley.

MANTUA, N. J., S. R. HARE, Y. ZHANG, J. M. WALLACE, AND R.
C. FRANCIS. 1997. A Pacific interdecadal climate oscillation
with impacts on salmon production. Bull. Am. Meteorol. Soc.
78: 1069–1079.

NEHRING, S. 1998. Establishment of thermophilic phytoplankton
species in the North Sea: Biological indicators of climatic
changes? ICES J. Mar. Sci. 55: 818–823.

PARK, S., M. T. BRETT, E. T. OSHEL, AND C. R. GOLDMAN. 2003.
Seston food quality and Daphnia production efficiencies in
an oligo-mesotrophic subalpine lake. Aquat. Ecol. 37: 123–
136.

RUSTAD, L. E., AND OTHERS. 2001. A meta-analysis of the response

http://www.aslo.org/lo/toc/vol_46/issue_7/1784.pdf
http://www.aslo.org/lo/pdf/vol_45/issue_5/1058.pdf
http://www.aslo.org/lo/pdf/vol_34/issue_2/0310.pdf
http://www.aslo.org/lo/pdf/vol_35/issue_5/1021.pdf
http://www.aslo.org/lo/pdf/vol_44/issue_6/1486.pdf


619Notes

of soil respiration, net nitrogen mineralization, and above-
ground plant growth to experimental ecosystem warming. Oec-
ologia 126: 543–562.

STRAILE, D. 2002. North Atlantic Oscillation synchronizes food-
web interactions in central European lakes. Proc. R. Soc. Lond.
B 269: 391–395.

, AND R. ADRIAN. 2000. The North Atlantic Oscillation and
plankton dynamics in two European lakes—two variations on
a general theme. Glob. Chang. Biol. 6: 663–670.

STRUB, P. T., T. POWELL, AND C. R. GOLDMAN. 1985. Climatic forc-

ing: Effects of El Niño on a small, temperate lake. Science
227: 55–57.

WEI, W. 1990. Time series analysis: Univariate and multivariate
methods. Addison-Wesley.

WIGLEY, T. M. L., AND S. C. B. RAPER. 2001. Interpretation of
high projections for global-mean warming. Science 293:
451–454.

Received: 4 August 2003
Accepted: 26 October 2003

Amended: 5 November 2003


