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Population Dynamical 
Consequences of Climate Change 
for a Small Temperate Songbird 

Predicting the effects of an expected climatic change requires estimates and 
modeling of stochastic factors as well as density-dependent effects in the 
population dynamics. In a population of a small songbird, the dipper (Cinclus 
cinclus), environmental stochasticity and density dependence both influenced 
the population growth rate. About half o f  the environmental variance was 
explained by variation in  mean winter temperature. Including these results in 
a stochastic modelshows that an expected change in climate wi l l  strongly affect 
the dynamics of the population, leading t o  a nonlinear increase in  the carrying 
capacity and in the expected mean population size. 

A central question in ecology for decades has 
been how to quantify the relative importance 
of stochastic and density-dependent factors 
for fluctuations in population size (I). This 
question has received increased attention be-
cause of the need to predict the biological 
consequences of climate change (2). To an-
swer this question, we must obtain separate 
estimates of different forms of stochasticity, 
such as demographic and environmental vari-
ances (3) and the strength of density depen-
dence, and use these estimates to model the 
impact of a climate change on the population 
fluctuations. Several studies have predicted 
changes in species ranges, demographic rates, 
or average population sizes in response to 
climate change (4). However, missing are 
quantitative analyses that explicitly link cli-
mate change and population fluctuations in a 
mechanistic population model. Here we pro-
vide such a link and obtain predictions of 
markedly altered population dynamics for a 
songbird, mediated primarily through winter 
temperature. 

Modeling the dynamics of populations in 
a stochastic environment involves estimating 
the separate effects of density regulation and 
stochastic factors. The variance of the change 
in population size can be split into the demo-
graphic and environmental variances (5).The 
demographic variance is caused by stochastic 
variation among individuals in their contribu-
tion to the next generation, whereas the en-
vironmental variance is due to stochasticity 
similarly affecting a certain group of individ-

uals at a certain time (3). Several studies (6) 
have now shown that knowledge of demo-
graphic as well as environmental stochastic-
ity is important for understanding temporal 
fluctuations in population size. Thus, quanti-
fying the effects and predicting the conse-
quences of an expected climate change, 
which possibly involves changes in both the 
mean and the variance of several climatic 
variables, will require estimates of how these 
changes will affect the behavior of the pop-
ulation dynamic processes. The dipper (Cin-
clus cinclus), a 50- to 60-g passerine species 
widely distributed in aquatic habitats close to 
running water all over the Palearctic region 
( 7 ) ,  is suitable for studying those questions 
because at northern latitudes the amount of 
ice strongly affects which areas have avail-
able winter feeding habitats. Thus, this rela-
tion provides a possible link between popu-
lation dynamics and climate. 

We studied a population of dippers in 
southern Norway (8), where a large propor-
tion of all individuals was color-ringed for 
individual recognition (9) over a 20-year pe-
riod (1978-97). Large fluctuations in popu-
lation size occurred during the study period 
(Fig. lA), from a minimum of 27 pairs in 
1982 to a maximum of 117 pairs in 1993.The 
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recruitment rate of the population, R, = -,
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where X, is the size of the breeding popula-
tion in year t ,  also showed large annual vari-
ation (Fig. 1B). The recruitment rate de-
creased with increasing population size (r = 
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decrease in recruitment rate was mainly due 
to a reduction of the immigration rate IR, = 

M!+l 
XI 
-with increasing population size (r = 

0 . 5 6 ,  n = 18, P < 0.05) (Fig. 1C). Howev-
er, no significant density dependence in the 
absolute number of immigrating females was 
found (r = 0.27, n = 18, P > 0.1). 

To estimate parameters, we modeled the 
dynamics of the population by assuming that 
the change in the logarithm of the net recruit-
ment rate (Alog NR,) was normally distributed 

Aln NR, = In (xt+l;MI+l) -

where C, is the climatic variable (11, 12), a: 
is the residual environmental variance not 
accounted for by the variation in C,, a: is the 
demographic variance estimated from indi-
vidual-based data (13), a is the strength of 
density regulation, and P denotes the strength 
of dependency on the climatic variable. Ob-
servations of mean winter temperatures C, 
were centered such that the expectation 
E(C,) = 0 for the whole period with available 
climate data (38 years). It follows that the 
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Fig. 1. (A) The annual variation in population 
size (X,). (B) The recruitment rate R, (solid 
circles) and the net recruitment rate NR, (open 
circles) and (C) the immigration rate IR,, in 
relation to population size (X,). 

854 4 FEBRUARY 2000 VOL 287 SCIENCE www.science 



environmental variance is about 

a; = a': + var(pC,) = a'; + p2var(C,) 

(2) 
The number of immigrants was correlated 
with the winter temperature (r = 0.62, n = 

18, P = 0.003) (Fig. 2A). To incorporate this 
in the model used for estimation and predic- 
tion, we assumed that M, was Poisson-distrib- 
uted with parameter A,, with each A, being 
independently lognormally distributed with 
expectation depending on mean winter tem- 
perature by letting each 

where a': is the variance in the log of 
the immigration rate, p,, is the mean log 
immigration rate at C, = 0 and p I measures 
the dependence of the immigration rate on 
temperature. 

To facilitate modeling of the effects of a 
climatic change, we used mean winter (Jan- 
uary to March) temperature ("C) and total 
winter precipitation as C, in Eqs. 1 and 3. 
These variables were chosen because they 
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Fig. 2. The number o f  immigrants plotted 
against mean winter  temperature (A) and the  
relative change in population size in  relation t o  
mean winter  temperatures that  were centered 
(B) and the  N A O  index (C). 

are commonly used when developing cli- 
matic scenarios (2). We estimated the pos- 
terior distribution (quantifying degree of 
belief in alternative parameter values con- 
ditional on the data) for parameters in the 
model (Eqs. 1 and 3) by Markov Chain 
Monte Carlo methods (14). These analyses 
showed that variation in the logarithm of 
the net reproductive rate was influenced by 
population density and by climate (Table 
1). Low recruitment occurred in years with 
high population densities. Furthermore, 
fewer individuals for a given population 
size were recruited after cold winters (Fig. 
2B). This may be because mean winter 
temperature was closely correlated with the 
annual variation in the number of days with 
ice cover in the study area ( r  = -0.83, n = 

38, P < 0.001). However, the recruitment 
rate was not significantly correlated with 
winter precipitation ( r  = 0.13, n = 12, P > 
0.1). On the basis of the annual variation in 
mean winter temperature C, over the past 
40 years (SD = 2.09"C) and the estimate of 
the parameters substituted into Eq. 2, we 
find that about half of the total environmen- 
tal variance was explained by variation in 
winter temperature (Table 1). The slope 
(p , )  in the regression of log(A,) on C, was 
of similar magnitude but somewhat smaller 
than the slope (6) in the regression of the 
log net recruitment rate on C, (Table l), 
indicating that cold winters have similar 
effects on the survival of both dispersing 
and nondispersing individuals. 

The deterministic carrying capacity K was 
found numerically (for each realization from 
the posterior) by setting X, and X,, , equal to 
K and M, equal to its expectation and then 
solving for K. 

In the Northern Hemisphere, climatic 
conditions during winter are often deter- 
mined by annual variation in large-scale 
fluctuations in atmospheric mass between 
the subtropic and the subpolar North Atlan- 
tic regions, the North Atlantic Oscillation 
(NAO). The NAO index is an integrated 

measure that influences a large number of 
climatic variables that affect the winter 
weather over large areas of the Northern 
Hemisphere (15). For instance, a high pos- 
itive NAO index is. in general, associated 
with relatively warm winters with much 
precipitation in northern Atlantic coastal 
Europe (16). Variation in the NAO index is 
closely correlated with global fluctuations 
in temperature (17). Because the net re-
cruitment rate is positively correlated with 
the NAO index (Fig. 2C), such large-scale 
climatic changes are likely to affect the 
dynamics of the local dipper population. 

The Intergovernmental Panel on Climate 
Change (IPCC) has developed different sce- 
narios of future greenhouse gas and aerosol 
precursor emissions on the basis of socioeco- 
nomic assumptions for the period 1990-2100 
(2). These predicted emissions were then 
used to project atmospheric concentrations of 
greenhouse gases and aerosols and their ef- 
fects on natural radiation processes. When 
these effects are entered into climatic models, 
some scenarios suggest an increase in mean 
winter temperature of 2" to 3OC in the region 
in which our study population is located-(2), 
although the quantitative effects of the an- 
thropogenic influences on the atmosphere 
must be considered uncertain (18). To exam- 
ine the effects of the fluctuations in climate 
and a change in long-term mean on the dipper 
population dynamic, we model the climatic 
process C, as a first-order autoregressive pro- 
cess (19) 

c,+,- c - N[a(C, - c),afl (4) 

where c and af are the mean and variance, 
respectively, and a determines the return time 
in the process. According to the scenarios 
from IPCC for the region (2), we model the 
change in the long-term mean winter temper- 
ature by setting c = 2.5 in Eq. 4. We find that 
an increase in mean winter temperature is 
likely to strongly affect the population dy- 
namics of the dipper in the study area. The 
expected carrying capacity (K) increased by 

Table 1.The estimates of the parameters describing the population dynamics (log NR,, see Eq. 1) of the 
dipper Cinclus cinclus in southern Norway and posteriori probabilities (degree of belief conditional on the 
observed data) of some hypotheses. 

Parameter Estimate 
(mean 2 SD) 

Posteriori 
probabilities 

Population growth rate (r) 
Density regulation (a) 
Effects of winter temperature (P) 
Total environmental variance (a:) 

Environmental variance from winter 
temperature (u:,) 

Residual environmental variance (a':) 
Demographic variance (u;) 
Expected number of immigrants at c = 0 

at c = 2.5 
Slope in Poisson regression for M, (y,) 
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58% (Fig. 3A), from K = 1 15 (SD = 10) for 
c = 0 to K = 182 (SD = 22) for c = 2.5. 
Similarly, such an increase in mean temper- 
ature increased the expectation of the station- 
ary distribution of the population size X,from 
117 to 184 (Fig. 3B). When we run the 
model, assuming no relation between climate 
and immigration rate, the effect of a change 
from c = 0 to c = 2.5 on K was still large 
[K = 167 (SD = 20) for c = 2.51. Thus, the 
major effect of a change in winter climate on 
the dipper population~will occur through an 
influence on the local dynamics. 

To quantitatively examine how the magni- -
tude of a change in mean winter temperature 
affected the population dynamics of the dipper, 
we computed the change in carrying capacity K 
(evaluated at the estimated mean of all model 
parameters) over a range of -2.5" to 2.5OC for 
the mean value of c in Eq. 4. Our analysis 
suggests a nonlinear relation between the car- 
rying capacity K and change in mean tempera- 
ture c (Fig. 3C). Thus, for c = -2.5, K will 
decrease to about 45 pairs, whereas a similar 
increase in the temperature will increase K con-
siderably more, to about 178 pairs. 
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Fig. 3. (A) The posterior distribution of the 
deterministic carrying capacity (K) and (B)the 
stationary distribution of the population size 
(X,) before (solid lines) and after (dashed lines) 
an increase in winter temperature of 2.5"C. (C) 
The change in the carrying capacity (K) as a 
function of a change in mean winter tempera- 
ture (OC). 

Several studies have documented effects 
of changes in climate on several demo- 
graphic characteristics of birds and mam- 
mals. For instance, many temperate bird 
species lay eggs earlier in the year, proba- 
bly because of warmer springs (20, 21). 
Similarly, the spawning dates of amphibi- 
ans such as Rana spp. were positively cor- 
related with the NAO index (20). Our study 
complements those results by showing that 
climatic changes may also strongly affect 
the dynamical characteristics of a popula- 
tion (Figs, and 3), These large effects on 
the population dynamics of relative small 
changes in climate (Fig. 3) were due to an 
effect on the local dynamics as well as 
higher immigration rate in mild winters. 
These interactions between processes oper- 
ating at different geographical scales sug- 
gest that climate changes may have major 
consequences for the pattern of fluctuations 
in bird populations over space and time 
(22). 
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