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Although empirical and theoretical studies suggest that climate influences the timing of life-history events
in animals and plants, correlations between climate and the timing of events such as egg-laying,
migration or flowering do not reveal the mechanisms by which natural selection operates on life-history
events. We present a general autoregressive model of the timing of life-history events in relation to
variation in global climate that, like autoregressive models of population dynamics, allows for a more
mechanistic understanding of the roles of climate, resources and competition. We applied the model to
data on 50 years of annual dates of first flowering by three species of plants in 26 populations covering 4°
of latitude in Norway. In agreement with earlier studies, plants in most populations and all three species
bloomed earlier following warmer winters. Moreover, our model revealed that earlier blooming reflected
increasing influences of resources and density-dependent population limitation under climatic warming.
The insights available from the application of this model to phenological data in other taxa will
contribute to our understanding of the roles of endogenous versus exogenous processes in the evolution of
the timing of life-history events in a changing climate.
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1. INTRODUCTION

An overwhelming number of recent analyses of long-term
data on phenological patterns of animals and plants have
reported earlier dates of migration to breeding sites, egg-
laying or flowering ascribed to climatic warming (Beebee
1995; Fitter et al. 1995; Sparks & Carey 1995; Crick et al.
1997; Forchhammer et al. 1998a; Bradley et al. 1999;
Brown et al. 1999; Crick & Sparks 1999; Dunn & Winkler
1999; Post & Stenseth 1999; Forchhammer & Post 2000).
While these observations are valuable and provocative in
that they call attention to possible large-scale ecological
consequences of global warming, correlations between
time or climate and phenological variables tell us little
about the underlying selection pressures shaping the
timing of life-history events. Nor do they provide much
evolutionary basis for predicting the life-history responses
of organisms to a warmer climate. This is because
correlations do not allow us to discern whether earlier
reproduction by animals and plants is a direct response to
warmer temperatures, or a response to factors that may
also vary with climate, such as reproductive resources
and inter- and intraspecific competition.

To place relationships between climatic warming and
phenological events in a life-history context, it is
necessary to adopt an evolutionary perspective and to
formulate such a perspective into a workable model (Roff
1992; Blarer et al. 1995). The struggle for existence
envisaged by Darwin (1859) described individuals as
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competing with each other as well as contending with the
abiotic environment in their strive to
reproduce. In an evolutionary context, therefore, the life-
history strategies of individuals must involve outper-
forming their conspecific competitors in two ways: first,
in terms of both number and wviability of progeny
(Harper 1977; Roff 1992); and, second, in terms of
responding to the constraints of abiotic environmental
conditions (Levins 1968; Partridge & Harvey 1988;
Iwasa & Levin 1995; Brown & Brown 1998). Whereas the
former is usually discussed in the context of reproductive
success over the life span of an organism (Partridge &
Harvey 1988; Stearns 1989), the latter may be more
appropriately considered terms of variation in
strategies between years (Iwasa 1991; Iwasa & Levin
1995) in response, for example, to changes in climate
(Forchhammer e/ al. 19984; Post & Stenseth 1999;
Forchhammer & Post 2000).

The timing of life-history events such as reproduction
exerts considerable influence on the number and survival
of progeny (Roff 1992; Sinervo & Doughty 1996; Olsson
& Shine 1997); therefore, an evolutionarily stable strategy
in many species might be to reproduce as early as possible
when environmental conditions are favourable (Iwasa &
Levin 1995; Stevenson & Bancroft 1995). Environmental,
inter- and intraspecific constraints on earliest possible
reproduction are, however, ecologically and evolution-
arily plausible (Partridge & Harvey 1988; Iwasa 1991
Iwasa & Levin 1995; Klinkhamer ef a/. 1997) and several
analyses have suggested that climatic warming may
influence availability of resources and abundance of
competitors (Callaghan & Jonasson 1995; Brooker &
Callaghan 1998; Post & Stenseth 1999; Satre et al. 1999).

survive and

in
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What remains obscure is the extent to which the long-
term life-history responses of organisms to a warmer
climate relate to the importance of changes in climate,
resources and competition. We address this by developing
an autoregressive model of the timing of life-history
events that can be applied to long-term phenological data
to draw inferences about the relative contributions of
climate, resources and competition. With the development
of this model, we attempt to fill a gap between those
studies merely correlating climate and the timing of life-
history events, and those short-term detailed field studies
that identify specific mechanisms for the timing of life-
history events but which cannot interpret the findings at
the longer-term level of selection.

2. MODEL DEVELOPMENT

(a) Definition of ‘temporal dependence’

The model framework employed is that previously used
in the analysis of intertrophic-level influences on popula-
tion dynamics when time-series on annual estimates of
density at one trophic level are the only data available
(Royama 1992; see also Stenseth et al. 1996; Forchhammer
et al. 1998b; Forchhammer & Asferg 2000). We propose
that autoregressive models of the form commonly encoun-
tered in studies of population dynamics can be suitably
applied to the analysis of time-series that quantify
changes in the annual timing of events. The term
‘temporal dependence’ is introduced in this context to
denote a pattern of dependence among observed events
that determines whether the timing of an event occurs
earlier (negative temporal dependence) or later (positive
temporal dependence) than it did in the previous one or
more years. Hence, temporal dependence 1s an ecological
phenomenon characterized by statistical autocorrelation
in time-series on events that is analogous to the ecological
phenomenon of density dependence as it applies to time-
series on abundance. Temporal dependence may arise in
two ways: either through the heritability of timing of
events such as reproduction (Mitchell & Shaw 1993; Van
Dik et al. 1997) or through carry-over effects of density
and resources on the timing of the event.

(b) A model

A general model of the timing of life-history events in
iteroparous species in relation to variation in climate that
incorporates the influences of resources and competitors
(either conspecific or aspecific) is constructed for the
timing of reproduction (e.g. migration, parturition, egg-
laying or flowering) on the basis of empirical studies of
plants and vertebrate animals. Here, in the interest of
generality, our use of the term ‘resources’ is necessarily
vague. Depending on the biology of the organism of
interest, ‘resources’ might, to list a few examples, denote
the availability and quality of forage, the physical
condition of reproducing individuals, the availability and
uptake of soil nutrients or the photosynthetic and meri-
stematic activity of flowering plants, all of which could be
influenced directly or indirectly by climatic variation.
The generality of the model is intended to make it applic-
able to the analysis of the timing of life-history events in
many species, including, where the assumptions are
reasonable, semelparous or univoltine organisms.

Proc. R. Soc. Lond. B (2001)

/\ ay(t—1)

life-history J
event
(Dy
/ ‘\
cy(t-1) \ cy(t-1) T~ ?3\(0
’ h > ~
density a(t) climate
(N : (U
Pt D 0
resources
(S

Figure 1. Conceptual model depicting relationships between
the timing of a life-history event (D,), population density (N,),
resources (S,) and climate (U,) that are formalized in a
general statistical model of the timing of life-history events.
The dashed line illustrates a potentially direct influence of
climate on the life-history event that is not considered in our
analysis (but see Appendix A for its implications and
application).

We assume that the timing of reproduction in the
current year depends on resources and the timing of
reproduction in the previous year (figure 1) (Bell 1980).
In large mammals and birds, for example, the annual
timing of parturition and egg-laying, respectively, relate
to the availability and quality of forage and, thereby,
female condition, at the end of gestation (Lack 1966;
Harvey et al. 1984; Bowyer 1991; Post & Klein 1999). In
plants inhabiting seasonal environments, the timing of
flowering depends on environmental control of the avail-
ability of soil nutrients and physiological processes related
to the allocation of resources to reproductive tissue
(Rathcke & Lacey 1985; Charlesworth & Morgan 1991;
Shaver & Kummerow 1992; Galen & Stanton 1995;
Molau 1996).

We further assume that resources in the current year
depend on density in the previous year and climate in
the current year (figure 1). For many species of animals,
reproductive resources in the form of forage quality or
physical condition of females during gestation are
constrained by both density (Goulden & Hornig 1980;
Kent 1981; Clutton-Brock et al. 1982, 1997) and large-
scale climatic variation (Post & Stenseth 1999; Post et
al. 1997, 1999). TYor plants, as availability of
nutrients allocated to growth and reproduction can be
limited by density of conspecific and aspecific competi-
tors (Harper 1977, Wik 1986), while soil and air
temperatures constrain nutrient uptake and photo-
synthetic activity devoted to the accumulation of
resources necessary for flowering (Shaver & Kummerow
1992; Molau 1996).

well,
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Finally, we assume that density in the current year
depends on density and the timing of reproduction in the
previous year (figure 1). In both animals and plants, the
numbers and viability of offspring produced tend to
decline as the season of production advances beyond some
optimal date (Lack 1966; Schmitt 1983; Dieringer 1991;
Galen & Stanton 1991; Post & Klein 1999).

Hence, in our model, climate influences the timing of
reproduction through its influence on resources. Simi-
larly, density in one year may influence the timing of
reproduction in the following year through the effects of
competition on resources (see, for example, Dunn &
Winkler 1999). As we demonstrate in this section and in
Appendix A, this can account for observations in some
species of delayed effects of resources on the timing of
reproduction in future years (Harper 1977; Bell 1980).
Our model does not take into account potential influences
of relationships between adjacent trophic levels, such as
between predators and prey or between herbivores and
plants (sensu Klinkhamer et al. 1997). Nor does it consider
a potentially special case in which climate acts directly on
the timing of reproduction without influencing resources
(figure 1, dashed line; see Appendix A for a formalization
of this effect). Inclusion of such an effect might be appro-
priate in studies of, for example, the onset of breeding in
anurans that use ponds that are covered by ice during
winter.

As illustrated in figure 1, interactions between the
timing of reproduction, climate, resources and density-
dependent population limitation can be summarized by
three general functions:

dy = f(di_ys 5,), (la)
sp =g, ), (10)
n, =mn_h(n_,d_,), (1e)

in which 4, is Julian date of reproduction, s, is resources, 7,
is density and «, is climate, or some climatic anomaly, in
year /, and where f, g and & are functions describing the
date of reproduction, resources and density, respectively.
To reduce heteroscedasticity (Neter ef al. 1990) in dates
of reproduction (Forchhammer et al. 1998a; Post &
Stenseth 1999) and remedy nonlinearity characteristic of
temporal processes that are related to density (Gompertz
1825; May 1986) equations (la) and (14) can be expressed
on a log, scale. Equation (l¢) is multiplicative and so with
Taylor expansion it can be approximated as an additive
function on a log, scale. The log, transformations give

Dl = ay + alDl—l + CZQS“ (20)
Sl:bo‘i_blNl,]‘i_bQU“ <2b>
Ne=ec+ (1 +e)Noy + 6Dy, (2¢)

in which D, is log.@,), S, is log.(s,) and N, is log, (n,).

In the application of such autoregressive models to
time-series data, endogenous and exogenous influences on
changes in density, or in this case changes in the timing of
events, can be inferred from the presence or absence of
delayed autoregressive processes (Royama 1981; Turchin
1990; Stenseth 1995, Forchhammer e al. 1998b;
Forchhammer & Asferg 2000). Thus, density dependence
can be incorporated into resource dynamics by sub-
stituting equation (2¢) into equation (26) and solving
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them for S, which can be, in turn, substituted into
equation (2a) (see Appendix A). This gives us a general
autoregressive equation for the timing of life-history
events in relation to climate that incorporates resources
and density dependence (assuming additive stochasticity
on a log, scale):

D, =(bicoay — agey — ¢crazby) + (1 +a, +¢,) D,y
+ (arbye) —ay —aje) D,y + ayby U, (3)
+ (= asby — c1asb) U,y + ¢,

in which ¢, incorporates stochasticity and the remaining
variance not included in the deterministic components of
the model.

Upon examining the coeflicients in equation (3), it is
apparent that direct temporal dependence (the lag-one
autoregressive term, D,_;) may reflect influences of either
(or both) the timing of reproduction in the previous year
(@ from equation (24)) or density dependence (¢ from
equation (2¢)). As well, significant delayed temporal
dependence (the lag-two autoregressive term, D,_,) may
reflect contributions from resources (¢, from equation (2a)),
density effects on resources (b, from equation (25)), density
dependence (¢; from equation (2¢)) or direct temporal
dependence (a; from equation (2a)). A significant effect
of climate in the current year (U, in equation (3)) must
reflect influences of both resources on the timing of
reproduction (g; from equation (24)) and of climate on
resources (b, from equation (254)), whereas a significant
delayed effect of climate (U,_;) may reflect influences of
resources and climate (gyb,) or of density dependence,
resources and climate (¢ayby). By simplifying the co-
efficients in equation (3), we obtain the following general
autoregressive model:

D,=By+(1+81)D,_1+ByDy +w U+ w U + ¢, (4)

Because the coeflicient of direct temporal dependence
includes 1, its statistical significance depends on difference
from 1; hence negative temporal dependence results if
(14 8,) <1, and vice versa for positive temporal depen-
dence.

The nature of this model allows us to draw inferences
about the potential concerted effects of resources and
density, as well as the concerted effects of climate,
resources and density, based on the statistical significance
or non-significance of the coeflicients §, and w, of the
delayed temporal dependence (D,_,) and climate (U,_,)
terms, respectively. Moreover, we can quantify the
relative contributions of direct temporal dependence and
density dependence if the coeflicient (1 4 3;) of the first-
order autoregressive term (D,_;) in equation (4) is signifi-
cant (see Appendix A).

3. MATERIAL AND METHODS

(a) A measure of global climatic variability:

the North Atlantic Oscillation index

To investigate the manner in which large-scale climatic
warming influences the timing of life-history events in local
populations, we incorporated the North Atlantic Oscillation
(NAO) into our analyses. The NAO is an alternation in
atmospheric pressures along a meridional gradient between
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Figure 2. Annual dates of first flowering by (a) Anemone
nemorosa in ten populations, (b) A. kepatica in eight populations,
and (¢) Tussilago farfara in eight populations in Norway from
1928 to 1977. Data are from Lauscher & Lauscher (1990).

centres over Iceland and the Azores (Lamb & Peppler 1987)
that determines up to 33% of the interannual variation in
winter precipitation in the Northern Hemisphere (Hurrell 1996)
and up to 55% of the
temperatures throughout much of the Northern Hemisphere
(Schlesinger & Ramankutty 1994). The state of the NAO during
winter is quantified annually as the winter NAO index, which is

interannual variation in mean

based on deviations from the mean difference in sea-level
pressures between Iceland and the Azores for the months
December—March (Hurrell 1995). Positive values of the NAO
index quantify warm, wet winters in northern Europe and
Scandinavia, whereas the opposite is true of negative values of
the NAO index (Hurrell 1995).
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(b) Long-term data on plant phenology

We analysed time-series on 50 years of annual dates of first
flowering by three species of vascular plants (Anemone nemorosa,
A. hepatica and Tussilago farfara) in a total of 26 populations in
Norway (Lauscher & Lauscher 1990) (figure 2). We used log,-
transformed dates to stabilize variances and to meet the
described in the
(equation (4)). Series were checked for stationarity by regressing

assumptions derivation of the model
log.-transformed dates against year; five out of the 26 regres-
sions were significant and in these the term ‘year’ was included
as an independent variable in the autoregressive models.

To assess the relative influences of temporal dependence and
climatic fluctuation on timing of flowering, we set U, in
equation (4) equal to the NAO index of the current winter and
U,_, in equation (4) equal to the NAO index of the previous
winter, then tested for the significance of these terms and the
coeflicients of direct and delayed temporal dependence using the
AR(1) and AR(2) models in PROC AUTOREG (the auto-
regression procedure), SAS v.6.12 (SAS Institute, Inc. 1996). The
most parsimonious model was that with the lowest Akaike
information criterion (AIC) score; we considered changes in the
AIC score of less than one to represent insignificant improve-
ment of the model (Sakamoto et al. 1986).

To quantify the influences of life-history traits and character-
istics of the sites inhabited by the focal populations on variation
in the coeflicients in equation (4) (sensu Post & Stenseth 1999)
we used forward linear, step-wise regression to model the co-
efficients as functions of latitude, longitude, site elevation,
distance from the coast and the 50-year mean flowering date of
the species at each site.

4. RESULTS

All 26 populations displayed significant, negative
temporal dependence (i.e. 1 + 8, <1), the most parsimo-
nious dimension of which was 1, and timing of flowering
in 24 of these populations was significantly related to the
NAO index of the current year (table 1). None of the
time-series displayed significant delayed temporal depen-
dence or climatic effects. In nearly all populations (20 out
of 26), significance of the direct temporal-dependence
term (D,_; from equation (4)) was attributable solely to
the significance of the coeflicient of density-dependent
population limitation, ¢, from equation (2¢) (table I; see
also Appendix A).

Following warm winters, plants in 24 out of 26 popula-
tions bloomed significantly earlier, and the NAO alone
accounted for up to 48% of the interannual variation
across populations and species (table 1). In all but one of
these 24 populations, the proportion of the variance in
flowering dates attributable to the NAO was at least half
of the total proportion explained (table 1). The signifi-
cance of the coefficient of direct climatic influence (w,
from equation (4)) on the timing of flowering in these 24
populations indicated significant effects of climate on
resources (b, from equation (24)) and of resources on the
timing of flowering (z, from equation (2a)).

The strength of temporal dependence decreased from
southern to northern sites (partial r=0.46, p=0.01)
(figure 3a). Also, temporal dependence was stronger in
early-blooming than in late-blooming plants (partial
r=0.45 p=0.03) (figure 35) (total model R>=0.3I,
p=0.006). Similarly, large-scale climatic fluctuation more
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Table 1. Coefficients (£ s.e.m.) of autoregressive models of timing of flowering by plants in Norway (1928-1977)

(Bold type indicates significant terms at p < 0.05; estimation of statistical density dependence is described in Appendix A;
r’xao indicates the amount by which the total R? increased with inclusion of the NAO term.)

temporal statistical direct climatic
dependence density influence w,;
population (1+56) dependence (NAO) R? 72\A0
Anemone nemorosa
Trondheim 0.34+0.14 — —0.012+0.005 0.28 0.07
Ranheim 0.18£0.15 —0.82+0.15 —0.022 1-0.006 0.25 0.20
Helle —0.231+0.14 —-1.23+0.14 —0.044 +0.008 0.37 0.36
Notodden 0.09 £0.15 —0.91+0.15 —0.029 +0.01 0.17 0.15
Lillehammer —0.01+0.15 —1.01+0.15 —0.004 £0.005 0.02 0.00
Ham 0.16 £0.15 —0.84+0.15 —0.012+0.005 0.14 0.11
Vang 0.21 +0.14 —0.79+0.14 —0.020 +-0.005 0.30 0.24
Oksna 0.21+£0.15 — —0.012 +0.006 0.25 0.14
Asker 0.15+0.14 —0.85+0.14 —0.0251+0.007 0.24 0.20
Dilling 0.14+£0.15 —0.86 £0.15 —0.026 +-0.008 0.22 0.19
Anemone hepatica
Trondheim 0.321+0.14 — —0.027 +0.01 0.21 0.10
Ranheim 0.004 +0.15 —0.99 +0.15 —0.044 +0.01 0.24 0.22
Helle —0.14+0.15 —-1.14£0.15 —0.084 +0.027 0.33 0.32
Lillehammer —0.09 +0.15 —1.09 £0.15 —0.017 +0.006 0.13 0.12
Ham —0.07 +0.15 — —0.024 +0.007 0.39 0.17
Vang —0.03 £0.15 —1.03+0.15 —0.034+:0.005 0.50 0.48
Oksna 0.06 £0.15 —0.94+0.15 —0.032+0.007 0.30 0.29
Asker —0.29 +0.14 —-1.29+0.14 —0.041 +0.008 0.34 0.33
Tussilago farfara
Trondheim 0.21+£0.14 —0.79 +0.14 —0.0331+0.013 0.17 0.12
Ranheim —0.10+0.15 —-1.10+0.15 —0.033 +0.011 0.15 0.14
Helle —0.06 +0.15 —1.06 £0.15 —0.0421+0.013 0.17 0.15
Lillehammer 0.20 £0.15 —0.80 £0.15 —0.01£0.01 0.06 0.02
Ham 0.21+0.14 — —0.023 +0.007 0.30 0.16
Vang 0.14+0.14 — —0.033 +:0.007 0.39 0.29
Oksna 0.131+0.15 —0.87+0.15 —0.027 +0.008 0.22 0.19
Dilling 0.01 £0.15 —0.99 +0.15 —0.059 +0.016 0.23 0.22
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Figure 4. Increases in temporal dependence (closed circles)
and statistical density dependence (open circles) with the
strength of influence of large-scale climatic warming on
annual timing of flowering by Anemone nemorosa, A. hepatica
and Tussilago farfara.

strongly influenced timing of flowering at southern
latitudes (partial r=0.46, p=0.001) (figure 3¢) and in
early-blooming plants (partial r=0.69, p < 0.001)
(figure 3d) (total model R?=0.68, p < 0.001). Plants
inhabiting southern sites in Norway, and plants that
bloomed early, were thus more susceptible, or more
responsive, to large-scale variation in winter climate.

A regression of the coefficients of temporal dependence
against the coeflicients of climatic influence on timing of
flowering for all populations (table 1) revealed that
temporal dependence intensified with the strength of the
climatic influence across all populations (figure 4)
(r=0.57, p=0.003). Hence, either those populations that
were most strongly influenced by climate also showed a
greater tendency to bloom earlier, or those populations in
which there was a tendency to bloom earlier in successive
years were also more responsive to winter warming.
Finally, density dependence increased with the strength of
the climatic influence on timing of flowering across

populations (figure 4) (r=0.54, p=0.02).

5. DISCUSSION

Increasingly early reproduction following increasingly
warm winters is a consistent observation of numerous
phenological studies of diverse taxa (see § 1). The timing
of reproduction influences the numbers, growth and
viability of offspring (Roff 1992) and so climatic
constraints on life-history events have implications for the
fitness of organisms in variable environments. Hence, a
mechanistic understanding of the processes underlying
correlations between climate and the timing of life-
history events should allow us to discern whether organ-
isms are really responding to the alleviation of climatic
constraints, or whether they are responding to changes in
resources and/or competition that arise as consequences
of climatic change. Furthermore, mechanistic modelling
of life-history responses to climatic change with the

Proc. R. Soc. Lond. B (2001)

approach developed here provides a basis for interpreting
the evolutionary strategies employed by species in vari-
able environments (Post et al. 2001).

Application of long-term phenological data to our
model revealed patterns in the data indicating the
following: first, plants across widely different regions that
experienced highly variable local weather conditions
bloomed earlier following warm winters; second, they did
so In response to climatic influences on resources
following warm winters, since coeflicients a, and b, from
equations (2a) and (2b), respectively, were both significant
in our model (equations (3) and (4)); and, third, they did
so in response to increasing density-dependent competi-
tion following warm winters (figure 4), since significant
temporal dependence was related, in nearly all popula-
tions (table 1), to the significance of coefficient ¢; from
equation (2¢) (see Appendix A).

While one might expect that increasing density depen-
dence would delay reproduction, this will only be the case
if increasing density limits resources (i.e. if 4, is signifi-
cantly negative, figure 1). Such an effect would appear in
the significance of coeflicient 3, of the delayed-temporal-
dependence term D,_,, which was not significant in any of
our populations. Furthermore, our results echo a similar
association in tree swallows (Zachycineta bicolor) throughout
North America of earlier reproduction in areas of higher
density (Dunn & Winkler 1999). A possible interpretation
of this result is that earlier reproduction is a strategy
aimed at minimizing competition for mates, food or polli-
nators, but see Dunn & Winkler (1999) for an alternative,
though not mutually exclusive, hypothesis.

Although previous investigations of the effects of local
weather conditions, especially during late-winter and
spring months, have generally explained more of the
variation in annual flowering dates than did our model
(see, for example, Fitter et al. 1995; Sparks & Carey 1995),
this analysis illustrates the mechanisms through which the
timing of flowering may evolve in response to large-scale
winter warming. In an evolutionary context, the
evolutionarily stable timing of reproduction may be to
reproduce as early as possible when climatic conditions
are favourable (Iwasa & Levin 1995), and the presence of
significant negative temporal dependence in all popula-
tions examined here suggests that plants in this analysis
tended to bloom earlier in succeeding years. The strategy
of earliest possible blooming may, however, incur risks,
since weather conditions at the end of winter are
unpredictable and snow or freezing temperatures may
occur suddenly, killing flowers (Rathcke & Lacey 1985;
Molau 1996; Callaghan & Carlsson 1996). Similarly,
activity of pollinators may be more susceptible to changes
in weather early in the flowering season (Molau 1996;
Richards 1997). Nonetheless, the fitness costs of blooming
late are extreme, since late-blooming individuals produce
fewer and smaller seeds (Schmitt 1983; Dieringer 1991) as
well as seedlings that exhibit poor survival (Galen &
Stanton 1995).

In northern latitudes, the climatic constraint on timing
of flowering may be more important than competition
because flowering does not commence until release from
snow (Rathcke & Lacey 1985; Molau 1996). In many
species of flowering plants, moreover, the importance of
climate to reproductive success is readily apparent. The
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delay in flowering induced by persistent snow cover, for
example, leads to an abbreviated flowering season
(Callaghan 1974; Shaver & Kummerow 1992), low seed
production (Molau 1996), low seed mass and, conse-
quently, reduced seedling survival (Galen & Stanton
1991) culminating in population-dynamical effects
(Callaghan & Emanuelsson 1985; Carlsson & Callaghan
1990; Wookey et al. 1993).

That the magnitude of density dependence increased
with the magnitude of the climatic influence on timing of
flowering (figure 4) suggests, however, that competition
may increase in a warmer climate. Similarly, both
empirical observations and models have noted elevated
rates of plant growth in response to climatic warming
that are of sufficient magnitude to increase both intra-
and interspecific competition (Carlsson & Callaghan
1994; Jacoby et al. 1996; Myneni et al. 1997). Additionally,
because the importance of resources to the timing of flow-
ering apparently intensified with large-scale climatic
warming, we suggest that resources, for example the
availability and uptake of soil nutrients or photosynthetic
and meristematic activity in flowering plants, may
increase in a warmer climate. Together with long-term
phenological data, the model presented here may help
elucidate similar mechanisms and patterns of life-history
variation in other terrestrial organisms in response to
climatic change.
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APPENDIX A

Isolating N,_; in equation (2b) and inserting the
resulting equation into equation (2¢) gives an equation
describing density in terms of resources, climate and the
timing of reproduction:

1
szfo"'(l+Cl>b_(St_b0_b2Ut>+[2Dt—1- (AD)
1

Setting ¢ = ¢ — 1 and inserting equation (Al) back into
equation (20) leads to a modified autoregressive equation
of resource dynamics in terms of previous years’
resources, climate and timing of reproduction:

Sy =bo+bicog+ (1 +¢)(Sm1— by —byU,_y) +byco D,y +b,U,.
(A2)

If we then solve equation (24) for §, set {=(—1, and
insert this into equation (A2), we obtain an equation for
resource dynamics in terms of previous years’ timing of
reproduction and climate:

1
Sy =by+byep+(1 +Cl>[a_(Dt71_a0_Dt72) —by—b,U,_ ]
2

+bie,D,y +b,U,, (A?’)
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in which constants 4, and b, derive from the resource
equation (equation (2b)), while constants ¢; and ¢y derive
from the density equation (equation (2¢)). To incorporate
resources and density into a general model of the timing
of reproduction, we then insert equation (A3) back into
equation (2a), giving equation (3). Equation (4) results
from re-designating the coeflicients to simplify terms.

If, in our conceptual model, we include a direct
influence of climate on the timing of the life-history event
(coefficient a5 and dashed line in figure 1), the resulting
equation for resource dynamics is identical to equation
(A3), except that it now includes an additional lagged
climate term:

1
Sy =by + byey + (1 +51)[;(Dz71 —ay—a Dy —a3U,_,)
2

—by—bUp_ +byeyDiy + b,U,. (A4)

Insertion of this back into the alternative to equation
(2a) that includes a direct climatic influence (D, = qq
+a;D,_; + a)S, + a3U,) thus results in a model for the
timing of life-history events that is identical to equation (3),
except for the presence of additional direct and delayed
climate terms; hence, after gathering the terms and
simplifying, the coeflicients of the direct and delayed
climatic terms will both contain 1, and their significance
must be tested on the basis of difference from 1.

The coeflicient of temporal dependence (1 + () in the
general model of the timing of life-history events
(equation (4)) incorporates the influences of both
temporal dependence and density dependence. If the
coeflicient of temporal dependence (1 + 3,) in equation (4)
is significant (i.e. # 1), it can be deconstructed to quantify
its composition by density dependence, which will allow
for quantification of the influence of density dependence
on variation in D, across years. This can be achieved as
follows: if (1 4+ ) # 1 in equation (4), then either one or
both of ¢; and ¢; are non-zero constants. The significance
of @ can be tested in the following simple linear relation-
ship: D, = ay 4+ a;D,_;. The value of ¢ in this regression
will differ from that of (14 3,) in equation (4) simply
because of the absence of terms quantifying direct and
delayed temporal dependence and climatic effects (Neter
et al. 1990). Thus, if ¢, in this regression is not significantly
different from 0, then (1 + 8,) in equation (4) is equal to
1 +¢, and the coefficient of density dependence is
a=(1+6)-1
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