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Abstract If censuses are taken at less than generation 
intervals, the number of successive censuses in which a 
given individual is recorded will depend on longevity. 
Repeatedly recording the same individuals could pro- 
duce under-estimates of population variability and 
influence detection of density dependence. We investi- 
gated this possibility in 60 time series of abundances 
of British birds compiled from the Common Birds 
Census data and then used simple population models 
to illustrate the proposed mechanism. Species had aver- 
age lifespans of 2-10 years and were censused annu- 
ally. Density dependence was detected (at P < 0.05) 
much more frequently in bird species with long life- 
spans than in those with short lifespans; 75% of the 
12 longest-lived species showed density dependence 
compared to 46% of all species. Population variability 
measured in annual censuses (termed "annual vari- 
ability") was lower in bird species with longer lifespans. 
We used discrete time models based on difference equa- 
tions to demonstrate how longevity influences popula- 
tion variability and detection of density dependence in 
series of annual censuses. A model in which only 
first-year birds experienced density dependence was 
rejected because annual variability was greater and 
detection of density dependence was less likely when 
longevity was greater, the opposite of the observed 
effects of longevity in birds. A model in which all age 
classes experienced density dependence gave time series 
with lower annual variability and in which density 
dependence was detected more frequently when long- 

M. Holyoak (~)1 
NERC Centre for Population Biology, 
Imperial College at Silwood Park, Ascot, UK 

S. R. Baillie 
British Trust for Ornithology, Thetford, Norfolk, UK 

Present address: 
~Department of Entomology, 
University of California, Davis, CA 95616, USA 
fax: 916 752 1537 

evity was greater, which is the pattern observed in 
British birds. Analysis of  data from this model showed 
that the amount of density dependence actually pre- 
sent caused only small changes in annual variability, 
whereas detection of density dependence from simu- 
lated series was strongly influenced by annual vari- 
ability. The high annual variability of series from 
short-lived bird species could mask any density depen- 
dence that was present. Correcting for trends lead 
us to detect density dependence in 75 % of the 12 longest 
lived bird species. There is no reason to believe 
that this rate is not also representative of short-lived 
species. 

Key words Common Birds Census �9 Discrete-time 
models �9 Longevity �9 Population variability �9 Time 
series analysis 

Introduction 

To obtain a general measure of population variability 
it is necessary to use censuses carried out at generation 
(lifespan) intervals (Connell and Sousa 1983). 
Frequently, however, censuses are annual and the life- 
span is more than a year, so that the interval between 
censuses is less than a generation (Connell and Sousa 
1983; Pollard 1977; Vickery and Nudds 1984; Baillie 
1990; Crowley and Johnson 1992; Woiwod and Hanski 
1992). This causes estimates of population variability 
to be influenced by longevity, so that the variability of 
species cannot be compared if lifespans differ (Connell 
and Sousa 1983). Longevity might also influence detec- 
tion of density dependence from time series of censuses 
conducted at less than generation intervals; this prob- 
lem has not previously been addressed. Population vari- 
ability and the conditional probability for detection of 
density dependence are also correlated (Hanski and 
Woiwod 1993), so we considered both variability and 
detection concurrently. 



This paper builds on earlier work in which we 
showed that temporal trends in abundance are partly 
responsible for hindering detection of density depen- 
dence in time series of British birds compiled from the 
Common Birds Census data (Holyoak and Baillie 
1996). However, even when data were detrended, den- 
sity dependence was found in only 45 % of 60 bird time 
series; a frequency which is much lower than the equiv- 
alent rates of >80% from British aphids and moths 
(Woiwod and Hanski 1992). We believe that the low 
frequency with which we found density dependence in 
bird series is caused by the use of census data taken at 
less than generation intervals. 

We investigated the effect of longevity on detection 
of density dependence and measurement of population 
variability in both the bird time series and simple dis- 
crete-time models based on difference equations. We 
investigated (1) the correlation between mean lifespan 
and the frequency of detection of density dependence 
(at P < 0.05) and (2) the correlation between mean life- 
span and population variability measured from annual 
censuses. The presence of the above two relationships 
in model data does not allow us to infer whether the 
amount  of density dependence present is influencing 
population variability. Alternatively, population vari- 
ability may influence only detection, and may not reflect 
the actual presence of density dependence. We analysed 
model data to strengthen our inference that it is mainly 
detection of density dependence that is influenced by 
population variability. 

There are several potential problems with measur- 
ing population variability (Connell and Sousa 1983; 
McArdle et al. 1990; McArdle and Gaston 1992, 1993; 
Link and Nichols 1994). Measures of variability 
are inflated by zero values (McArdle et al. 1990), 
however the CBC index values do not contain zero 
abundances. The degree of spatial synchrony in 
population fluctuations is important  to the reliability 
of measures of temporal population variability 
(McArdle and Gaston 1993). In the CBC data set 
population variability should largely reflect the 
temporal variability of local subpopulations, because 
most of the species examined show a high degree 
of regional synchrony in their population fluctuations 
for the area of Britain covered by the CBC plots 
(M. Holyoak and S. Baillie, unpublished work). 
The high degree of synchrony is confirmed by the obser- 
vation that changes in abundance of most species 
within years were synchronous across plots (Taylor 
1965; Bailey 1967). In this analysis we assume that 
in general species have a high degree of spatial 
synchrony. 

This paper is laid out in the following sequence: 

1. We first explore the relationships between longevity, 
population variability and detection of density depen- 
dence in the bird data. 
2. Next we present two population models which are 
potential descriptors of the CBC data. 
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3. We use these models to explore the same relation- 
ships between longevity, population variability and 
detection of density dependence that we explored in 
the bird data. 
4. Finally, we use the preferred model to clarify 
whether population variability influences detection of 
density dependence or whether it is the amount  of 
density dependence present that influences population 
variability. 

Analyses of bird data 

Methods 

In this section we investigate how longevity and detec- 
tion of density dependence, and longevity and popu- 
lation variability are related in the bird time series. 
Mean annual survival rate was used as an index of 
longevity. Only survival rates of first-year birds were 
used, because survival rate varies little with age in the 
species considered (Dobson 1990; Baillie and 
McCulloch 1993). Survival rates, calculated using the 
method of Lack (1943a, b) were obtained from Dobson 
(1990) and survival rates calculated using the method 
of Brownie et al. (1978) were obtained from Baillie 
and McCulloch (1993). The bird time series and meth- 
ods used to test for density dependence are fully 
described in the first of this pair of papers (Holyoak 
and Baillie 1996). Since temporal trends in abundance 
can effect detection of density dependence (Vickery and 
Nudds 1984; Pollard et al. 1987; Woiwod and Hanski 
1992), all bird time series were detrended prior to 
testing for density dependence using the method of 
Pollard et al. (1987), as described in Holyoak and Baillie 
(1996). 

To simplify explanation of the results of tests for 
density dependence we calculated an index of the inci- 
dence of density dependence (Hanski and Woiwod 
1993). This is simply the P-value from the test for den- 
sity dependence, which was logit transformed to lin- 
earise the distribution of P-values and multiplied by 
- 1  so that larger values represent lower conditional 
probabilities of rejecting the null hypothesis of density 
independence. If the assumptions of the density depen- 
dence test are correct, density dependence is more likely 
at higher values of the incidence of density dependence. 
Logit is the natural logarithm of the odds ratio, 
P/(1-P), where P is the conditional probability from 
Pollard et al.'s test. Spearman's rank order correlations 
were used to test for a relationship between incidence 
of density dependence and longevity. 

We calculated two measures of population variabil- 
ity. Population variability measured from annual 
censuses was termed annual population variability. 
Per generation variability was calculated using only 
abundances that were separated by generation inter- 
vals. This allowed us to check the extent to which 
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annual variability under-estimated per generation vari- 
ability in species with different lifespans. 

Annual population variability was measured as the 
standard deviation of In(annual abundance) from 
detrended bird time series. Per generation variability 
calculations used only counts which were separated by 
a lifespan in detrended bird series. Lifespan was cal- 
culated from annual survival rate as the period until 
95% of individuals were dead (Schoener 1985) and 
rounding to the nearest year; solving ~M/~s < 0.05, 
where (~ is mean annual survival rate and M L S  is the 
mean lifespan in years. Per generation variability was 
calculated as the mean standard deviation from all pos- 
sible sets of three consecutive values of In(annual abun- 
dance) separated by lifespan intervals, in the CBC 
series. Because of the apparent non-linearity of plots 
of annual variability or per generation variability 
against longevity (survival rate) we used polynomial 
regression to investigate this relationship. Spearman's 
rank order correlations were used to investigate the 
relationship between annual variability and incidence 
of density dependence. To check the reliability of analy- 
ses of the bird series which used annual abundances, 
we plotted per generation variability against annual 
variability and analysed this relationship using linear 
regression. 

Results 

Density dependence was more frequently detected at 
P < 0.05 in the species that had longer lifespans 
(Fig. 1). Spearman's rank order correlations between 
the incidence of density dependence and longevity in 
the bird series were 0.344 (P < 0.01) from all 60 series 
and 0.451 (P < 0.01) from just the longest 37 series with 
only one series per species (as listed in the Appendix 
to Holyoak and Baillie, 1996). Figure 2 shows the effect 
on detection rate of including only species with sur- 
vival rates of at least those shown on the x-axis; the 
higher the minimum survival rate, the greater the 
proportion of series in which density dependence was 
detected. Density dependence was detected from all 
three of the longest-lived species, 75% of the 12 most 
long-lived species, and 46% of all species (45% of all 
series). 

For most  species (most clearly those with annual 
survival rates < 0.6) population variability declined 
with increasing longevity (Fig. 3). In three out of four 
cases survival rate was non-linearly related to both 
annual and per generation population variability; sec- 
ond order polynomials were significant for both mea- 
sures of population variability and for either all 60 CBC 
series or for 37 series, including only the longest series 
for each species (Fig. 3A, C and D). In the fourth case 
the second order term of the polynomial was non- 
significant, giving a linear relationship between annual 
variability and survival rate (Fig. 3B). Clearly, in all of 
these cases population variability is higher in the 
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Fig. 1A, B The relationship between incidence of density depen- 
dence and longevity (measured as annual survival rate) in detrended 
series from British birds, A is with all 60 series and B is with 37 
species and only the longest series for each species. Points on or 
above the dashed line were significant at P _< 0.05. The incidence of 
density dependence on the horizontal axis is the logit of the P-value 
from the test of Pollard et al. (1987) for density dependence, mul- 
tiplied by - 1 to give greater values when conditional probability 
for density dependence is greater 

more short-lived species than in the longer lived 
species. 

Figure 4 shows that annual variability under-esti- 
mated per generation variability in all series. However, 
annual variability under-estimated per generation vari- 
ability more in short-lived species than in long-lived 
species. For example in a species with an annual vari- 
ability of 0.1, which occurred only in long-lived species 
(Fig. 3A), annual variability was on average 89 % of per 
generation variability (Fig. 4). Whereas, when annual 
variability was 0.5, which is typical of short-lived 
species (Fig. 3A), this was on average only 43 % of per 
generation variability. 

Some simple models of bird pp0pulation dynamics 

In this section we introduce two population models that 
we used to test whether longevity can produce the 
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Fig. 2 The proportion of the 60 British bird time series, having 
annual survival rates _> the magnitude shown on the horizontal axis, 
for which density dependence was detected in detrended time series. 
Density dependence was detected if P < 0.05 in the test of Pollard 
et al. (1987) 

effects repor ted  f rom the bird t ime series on detection 
of  density dependence and popula t ion  variabili ty if  cen- 
suses are taken at less than  generat ion intervals. 

Al though density dependence has been detected in 
many  bird species, it is no t  clear f rom the literature 
when during the life-cycles o f  birds density dependence 
is expressed. Sinclair (1989) found reports  of  density 
dependence for 19 bird populat ions;  density depen- 
dence was found in fert i l i ty/egg produc t ion  (26% of  
studies), early juvenile mor ta l i ty  (32%), late juvenile 
mor ta l i ty  (74%) and adults (21%). Sinclair's survey 
shows that  density dependence may  occur in all life- 
stages and in some cases in more  than  one life-stage, 
but  tells us little abou t  the f requency of  density depen- 
dence in different life-stages because studies in which 
density dependence was not  found were not  reported.  
For  simplicity we considered only two life-stages in our  
models,  representing first-year birds (< 1 year old) and 
older birds (_> 1 year  old). We constructed popula t ion  
models  with density dependence acting either only on 
first year  birds (Eqs, 1 and 2), or on bo th  age classes 
(Eqs. 1, 3 and  4). We did not  consider density depen- 
dence acting in only the older age class because of  the 
large number  of  studies which repor ted  density depen- 
dence in juveniles (Sinclair 1989). We also assumed that  
any changes in the mean  annual  survival rate between 
first year  and older birds were small by compar i son  to 
inter-specific differences (Dobson  1990). 

The  popula t ion  models  are bo th  based on a modif ied 
t b r m  of  the Ricker equat ion (Ricker 1954; C o o k  1965), 
which we have altered to represent  two life-stages. I f  
these models  had  determinist ic (fixed) parameters ,  then 
once any transient  behaviour  was eliminated, they 
would bo th  produce  a fixed abundance  level (the equi- 
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Fig. 3A-D The relationship between population variability of 
annual censuses and longevity (measured as annual survival rate) 
for detrended time series of British land-bird abundances. See text 
for explanations of annual and per generation variability. A and C 
are for 60 time series from 37 species and B and D are with only 
the longest series for each species (Appendix 1). A and B show plots 
of annual population variability against longevity, whereas C and 
D show per generation variability plotted against longevity. The 
lines are second-order polynomials in A, C and D and a linear 
regression in B. Equations for lines are: A, Y=0.77-1.83X 
+ 1.39X 2, B, Y = 0.46 - 0.43X, C, Z = 2.83 7.88X+ 5.88X 2 and 
D, Z = 2.90 - 7.89X+ 5.83X 2, where Y is annual variability, Z is 
per generation variability and X is survival rate. In the polynomial 
regressions in A, R 2 = 0.26 for X F1.57 = 15.49, P < 0.01 and for 
X 2 F~,57 = 4.41, P < 0.05. Equivalent figures were R 2 = 0.17, 
F I , 3 4  = 7.62, P < 0.05, F],34 = 2.60, P >> 0.05 for B, R 2 = 0.58, 
F~ ~7 = 64.5, P < 0.00001 -FI 57 = 16.0, P < 0.0002 for C and 
R ~- = 0.61, FI ,34  = 43.2, P < 0.i)002/C'1,34 = 9.27, P < 0.005 for D. In 
all cases the significance of regressions was not altered if the out- 
lying point at the lowest survival rate is excluded 

librium abundance).  This makes  it necessary to add 
stochasticity to produce  temporal ly  variable abun- 
dances. Hansk i  and Woiwod (1993) showed that  adding 
stochasticity through the densi ty-dependent  pa rame te r  
(equivalent to o~ below) was unrealistic, at least for the 
moths  and aphids which they considered. We therefore 
only consider densi ty- independent  ways o f  adding sto- 
chasticity to models: th rough the intrinsic growth rate 
or annual  survival rate, or as a separate parameter .  

The power  law of  Taylor  (1961) describes the rela- 
t ionship between the variabili ty o f  abundance  da ta  and  
the mean  abundance.  We use it here to check the appro-  
priateness of  models  for describing bird data.  Tempora l  
variance o f  abundance,  V, and mean  density x, are gen- 
erally related by the equat ion V =  a x  b (Taylor 1961), 
where a and b are constants.  Log- t rans forming  this 
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Fig. 4 The relationship between population variability measured at 
generation intervals and population variability measured annually 
in British birds. Generation intervals were calculated, using mean 
annual survival rates, as the time taken for 95% of individuals to 
die and rounding to the nearest year. Per generation variability on 
the vertical axis is the mean standard deviation of In(annual abun- 
dance) from all sets of 3 years with a generation between years that 
were included from the CBC time series; this was done to elimi- 
nate sample size effects. The line is from a linear regression, repre- 
sented by Z = - 0.15 + 2.65 Y, where Z is per generation variability 
and Y is annual variability; R 2 = 0.80, Fla7 = 236.3 and P <  
0.000001 

equation gives ln(V) = ln(a) + bln(x), so that a and b 
can be measured using linear regression of ln(V) against 
ln(x) using all annual abundances, where a is the inter- 
cept and b is the slope. We assessed the linearity of plots 
from simulated data by eye and used linear regression 
to measure b, for comparison with the value of 0.90 
from the CBC time series. Both models generated 
approximately linear Taylor's power law plots with b- 
values that encompass that of 0.90 observed for the 
birds. These effects were only seen at constant values of 
[3 and r, both of which have strong effects on b; a sim- 
ilar result was obtained by Hanski and Woiwod (1993). 

values are normally distributed random values with a 
mean of zero and variance (~2, which is related to the 
mean abundance. Specifically, we assume c~ = z(1/c0O , 
where z and 13 are constants (Hanski and Woiwod 
1993). Density dependence in Eq. 1 is determined both 
by o~ and r. Numbers  of adult birds are given by: 

N2,t + 1 = Nl,t + i + (N2,t" (~) + 0t (2) 

where 0, is a normal random variable with a mean of 
zero and variance of v. All results were obtained numer- 
ically. Equation 2 could theoretically give negative pop- 
ulation sizes; however, this was not observed with the 
parameter values used in our simulations. 

Density dependence in all age classes 

In this model all age classes were made to experience 
density dependent survival, so that at the determinis- 
tic equilibrium, individuals in the age class of _> 1 year 
old have a probability t of survival. The same density 
dependence (cz) acts in both age classes, which is likely 
if the same mechanism acts on both adult and imma- 
ture birds, such as competition for food or nest sites. 
Population dynamics of first-year birds are again 
described by Eq. 1 and survival of  older birds is 
described by Eq. 3 for Nt > 1/c~ and Eq. 4 for Nt -< 1/a: 

N2,t+ 1 = Nl, t + N2,t "t'el-c~N2'~ + r176 (3) 

Nz,t+ ~ = NLt + N2,t ' t 'e  ~ (4) 

where cot is a normal random variable with a mean of 
zero and variance of v. Density dependent mortality in 
older birds is moderated by survival t; thus the actual 
survival rate of birds of > 1 year old is determined both 
by the deterministic equilibrium abundance (1/~z), r 
and the value of t. As with Eqs. 1 and 2 all results were 
obtained numerically by iterating Eqs. 1, 3 and 4 for 
different parameter values. Both models were used to 
generate time series of 31 generations in length, the 
same as the longest CBC series. 

Density dependence only in first year birds 

In this model we make the intrinsic growth rate, r, sto- 
chastic by adding a normally distributed random vari- 
ate (et) to it, and make production of first-year birds 
density-dependent. Older birds undergo density-inde- 
pendent mortality with a fixed annual survival rate, 
(~. Numbers of young birds recruited to year t + 1 
(Nl, t  + I) are given by numbers of older birds in year t 
(N2,t) less the numbers lost through density dependent 
mortality, which depends on numbers in both age 
classes: 

Nl,t + 1 = N2,t er(1 - c~(NE, + N2.,)) + a, (1) 

where c~, the density dependent parameter is the inverse 
of the deterministic equilibrium abundance. The st- 

Analysis of  model data 

Methods  

In this section: 

1. We test whether the two models can produce time 
series in which density dependence is more frequently 
detected when survival rates are high, and produce a 
negative relationship between longevity and annual 
variability. 
2. We use model data to investigate the relationship 
between the incidence of density dependence and 
annual variability. 
3. We test the extent to which annual variability of 
model data under-estimated per generation variability. 
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4. We investigate whether population variability is dri- 
ven by the presence of density dependence, or whether 
population variability influences only detection of den- 
sity dependence. 

As in the bird series, we analysed model time series 
for density dependence using Pollard et al.'s test. 
However, because trends were rare in the model series, 
time series were not detrended prior to analysis. 
Population variability was measured as in the bird 
series, but from series that were not detrended. 

From the results for the bird time series we cannot 
distinguish between the following hypotheses: 

Hypothesis 1. The smaller amount  of density depen- 
dence in some species (or populations) causes them to 
have greater population variability. Hence our inabil- 
ity to detect density dependence in most of the bird 
series is because there is not much there. 
Hypothesis 2. The amount  of density dependence 
actually present causes only small changes in popula- 
tion variability. However, for reasons other than 
density dependence some series have higher popula- 
tion variability. High population variability causes 
density dependence to be detected infrequently, regard- 
less of how much density dependence is actually 
present. 

To distinguish between these possibilities we carried 
out a multiple regression analysis where we tested the 
degree to which annual variability was influenced by 
different parameters in the model with density depen- 
dence in both age classes (Eqs. 1, 3 and 4). If hypoth- 
esis 1 is true we expect a large effect of parameters that 
affect density dependence (c~, and r) on annual vari- 
ability. Conversely if hypothesis 2 is correct then we 
expect that parameters other than those that control 
density dependence will have a strong effect on popu- 
lation variability. Further details of parameters used in 
the multiple regression are given in Table 1. 

Results 

The relationship between survival rate and the inci- 
dence of density dependence is very different in the two 
models. Unlike the CBC data, in the model in which 
just first-year birds experienced density dependence 
(Eqs. 1 and 2), density dependence was detected more 
frequently in short-lived species than long-lived species 
(Fig. 5A). However, the model with both age classes 
density-dependent (Eqs. 1, 3 and 4) produced a simi- 
lar positive relationship between the incidence of den- 
sity dependence and survival rate to that observed from 
the CBC data (Fig. 5B). 

Like the incidence of density dependence, plots of 
annual variability against survival rate differed for the 
two models. When just first year birds experienced den- 
sity dependence, annual variability increased with sur- 
vival rate, d~ (Fig. 6). This is the opposite pattern to 
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Fig. 5A, B The relationship between the incidence of density depen- 
dence and survival rate in two simple models of bird population 
dynamics. A is for Eqs. 1 and 2, where only first-year birds expe- 
rience density dependence, and B is for Eqs. 1, 3 and 4, where both 
age classes experience density dependence. The vertical extent of 
boxes in plots indicates the value of the mean plus or minus the 
standard deviation of the incidence of density dependence; the mean 
value of the incidence of density dependence lies at the centre of 
each box. Vertical bars show standard errors. The incidence of den- 
sity dependence is defined in the legend to Fig. 1. Parameter val- 
ues for A were all combinations of: r = 0.5,1,1.5 e~= 0.005 and 
0.01, 6 = 0.2, 0.4, 0.6, 0.8 v = 0.2, 0.35, 0.5, c~ = 1.0 and 13 = 1.0. In 
B v = 0.05, ~ = 0.4, r = 1.0, c~ = 0.005, t = 0.2, 0.4,... 0.8 and [3 = 1.2. 
Series were 31 generations in length and the figure is from 100 repli- 
cates of each parameter combination 

that found in the CBC series. However, when both age 
classes experienced density dependence, annual vari- 
ability declined as survival rate increased (Fig. 7), as in 
the CBC series. All plots of annual variability against 
survival rate from the model with density dependence 
in both age classes showed a negative slope, which 
decelerates at high survival rates (>0.6). This pattern 
is typical of that seen in the real bird series (Fig. 3). 
Simulations (of Eqs. 1, 3 and 4) with high values of v 
(e.g. 0.2) generally produced a more prominent 
flattening out of curves at high survival rates (e.g. 
Fig. 7C); making v even larger (e.g. 1.0) produced 
positive relationships between annual variability and 
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Fig. 6A, B The relationship between annual variability and survival 
rate for a model in which just first year birds experience density 
dependence (Eqs. 1 and 2). Annual variability was the standard 
deviation of In(abundance). A is with a stochastic survival rate for 
birds of _> l year old and in B this stochasticity (v) is set to zero. 
The vertical extent of boxes in plots shows the mean, plus or minus 
the standard deviation of annual variability, with the mean value 
of annual variability at the centre of each box. Vertical bars show 
the standard error of annual variability. Parameter values were all 
combinations of: r = 0.5, 1, 1.5 c~ = 0.005 and 0.01, 4} = 0.2,0.4, 
0.6,0.8 v = 0.2,0.35,0.5, o = 1.0 and [3 = 1.0. Series were 31 genera- 
tions in length and the figure is from 100 replicates of each para- 
meter combination. Holding parameters other than d? constant lead 
to increasing population variability with increasing 4} for all para- 
meter combinations, so it is not misleading to present a figure from 
all parameter combinations 
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Fig. 7A-E The relationship between annual variability and survival 
rate for a model in which all age classes experience density depen- 
dence (Eqs. 1, 3 and 4). See Fig. 6 for an explanation of symbols 
on plots. A, B and C are with increasing amounts of stochasticity 
in survival of birds of 21 year old; specifically v was 0.05 in A, 0.1 
in B and 0.2 in C, o was 0.4. D, B and E show the effect of hold- 
ing stochasticity of survival constant (v = 0.1) and increasing the 
amount of stochasticity added to r; ~ was 0.3 in D, 0.4 in B and 
0.5 in E. Other parameters were r = 1.0, c~ = 0.005, t = 0.2, 0.4 .... 
0.8 and ~3 = 1.2. Replication was as in Fig. 2 

survival rates if these were greater than 0.6. Increasing 
(y produced negative slopes of greater magnitude; e,g. 
Fig. 7D was with o = 0.3 and Fig. 7E was with 

= 0.5, whilst holding the values of other parameters 
constant. 

We explored a wide range of values for the amount 
of stochasticity added to simulations with production 
of only first year birds density dependent. In all cases 
annual variability increased with survival rate. This was 
true when stochasticity in the intrinsic growth rate 
((y) was reduced to close to zero or made unrealisti- 
cally large (so that annual variability was higher than 
in real bird time series). Annual variability also in- 
creased with survival rate when larger amounts of vari- 
ability (than the simulations used for Fig. 6) were added 
to numbers of birds of > 1 year old (increasing v). 

In series from the model in which all age classes 
experience density dependence annual variability most 

accurately reflected per generation variability in long- 
lived species. The regression equation in Fig. 8 predicts 
that annual and per generation variability would be of 
similar magnitude in series generated with a survival 
rate of 0.8, which is higher than that of any of the 
British birds that we analysed data from. For species 
with low survival rates annual variability greatly under- 
estimated per generation variability (Fig. 8). 

The effects of model parameters on annual variabil- 
ity were consistent with hypothesis 2, that detection of 
density dependence is hindered by high variability and 
that failure to detect density dependence is not a true 
reflection of the absence of density dependence. Table 1 
shows that annual variability is most strongly affected 
by o (R 2 = 0.51), which is stochasticity added to the 
intrinsic growth rate. Mean annual survival rate of birds 
of >1 year old, t, also affects annual variability 
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Fig. 8 The effect of survival rate on population variability mea- 
sured at annual and generation intervals. The graph plots annual 
variability as a percentage of per generation variability against sur- 
vival rate. The line is a linear regression obtained from time series 
of 31 generations in length simulated from a mode1 in which all 
age classes experience density dependence (Eqs. 1, 3 and 4). 
Parameter values used and replication were identical to Table 1 
except t was 0.1, 0.2,...0.7 throughout;  hence the figure was made 
from 28800 time series. The regression equation is IOOYIZ 
= 7.53 + 113.8t, where Y is annual variability, Z is per generation 
variability and t is survival rate. For  this regression R 2 = 0 .81 ,  
Fl,28v98 = 44909 and P < 1 x 10 -20 

(R 2 = 0.14), The effect of other variables on annual vari- 
ability were less strong (R2< 0.02 in all cases). Both 
the density dependent parameter c~, and r which 
modifies the strength of density dependence, have 
almost no effect on annual variability (R2~0.0 and 
R e = 0.01, respectively). Because there are only four 
values of some of the parameters in the multiple regres- 
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sion (Table 1), we repeated the analysis using a five- 
way analysis of variance, which produced R2-values 
that were all within 0.01 of those in Table 1. 

Detection of density dependence was also strongly 
influenced by annual variability; in series from Eqs. 1, 
3 and 4 Spearman's rank correlation between the inci- 
dence of density dependence and annual variability was 
-0.417,  n = 400. This is also consistent with hypoth- 
esis 2, but not hypothesis 1. 

Discussion 

In detrended bird time series, density dependence was 
detected more frequently from long-lived species than 
shorter lived species (Figs. 1 and 2). Short-lived bird 
species tend to have greater annual population vari- 
ability than long-lived bird species (Fig. 3). Hence, 
longevity has opposite effects on annual variability and 
the frequency with which density dependence is 
detected, which leads us to expect that annual vari- 
ability and the incidence of density dependence will be 
negatively correlated. This was observed in data from 
the model in which both age classes experience density 
dependence (Eqs. 1, 3 and 4). It was also observed by 
Hanski and Woiwod (1993) in moths and in data from 
a simple population model when the intrinsic growth 
rate was low (< 1.5) as it is in birds. 

Tests for density dependence assume that popula- 
tions were censused at generation intervals (Bulmer 
1975, Reddingius and den Boer 1989; Holyoak 1994). 
We measured the frequency of detection of density 
dependence in birds which were censused at less than 
generation intervals. These results alone do not tell 
us whether density dependence is not being detected 
in short-lived species because it is not present or 
whether density dependence is present but is not being 
detected. A number of factors indicate that even if 

Table 1 The effect of model parameter on annual variability of 
abundances in series simulated using Eqs. 1, 3 and 4. The table gives 
an analysis of variance table for the multiple regression with annual 
variability as the y-variable. Annual  variability was the standard 

deviation of In(abundance) fi-om simulated time series of 31 years 
in length. Definitions of source parameters are given in the text 
describing Eqs. 1, 3 and 4. The relationships of all parameters with 
annual variability were approximately linear (judged by eye) 

Source SS df  MS F P R 2 Slope (SE) 

c; 70.48 1 70.48 24309 < 0.00001 0.507 0.798 
(0.005) 

t 19.38 1 19.38 6686.1 < 0.00001 0.139 --0.156 
(0.002) 

r 1.77 1 1.77 610.5 < 0,00001 0.013 0,030 
(0,001) 

v 1.08 1 1.075 370.8 < 0.00001 0.008 0.053 
(O.OlO) 

c~ 0.002 1 0.002 0.55 0.46 ~0.0 0.111 
(0.148) 

Error 46.37 15994 0.003 
Total 139.08 15999 0.667 

Factorial combinations of all parameter values listed below were used with 25 replicates for each combination: r = 0.50, 0.75,...1.50; 
a = 0.002, 0.005, 0.0075, 0.01; t = 0.2, 0.4 .... 0.8; (y = 0.2, 0.3,...0.5; v = 0.1. Additionally we used v = 0.05, 0.10,...0.20 with (~ = 0.4 and 
r, c~ and t as listed above. [3 was 2.0 throughout  
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density dependence was present in short-lived bird 
species we would not expect to detect it: 

1. A simple population model in which all age classes 
experienced density dependence produced time series 
in which density dependence was detected (at P < 0.05) 
in short-lived species. This is despite density depen- 
dence being present in all series. 
2. Annual variability and the incidence of density 
dependence were negatively correlated in this model. 
In turn, analysis of data from this model showed that 
annual variability of data from this model was 
influenced far more by parameters other than density 
dependence than it was by density dependence para- 
meters. We would therefore not expect the high annual 
variability of short-lived bird species to reflect the pre- 
sence of a reduced amount  of density dependence in 
these species. In short, the high annual variability of 
short-lived bird species may hinder detection of den- 
sity dependence in these species. 

A second population model, in which only first-year 
birds experienced density dependence was rejected. 
This is because it failed to produce the patterns between 
detection of density dependence, population variabil- 
ity and longevity that were observed in the bird series. 
This fits in with the observation that studies have shown 
that birds can exhibit density dependence in all life- 
stages (Sinclair 1989). 

Population variability measured at generation inter- 
vals (per generation variability) is a standard measure 
of population variability allowing variability to be com- 
pared between species (Connell and Sousa 1983; 
Schoener 1985). To obtain a measure of how biased 
annual censuses are compared to censuses conducted 
at generation intervals we can compare annual and per 
generation variability. In the bird series (Fig. 4), and in 
series from the model in which both age classes expe- 
rienced density dependence (Fig. 8), annual census data 
most  accurately reflects the low per generation popu- 
lation variability of long-lived species. Consequently we 
might expect that detection of density dependence will 
be most  accurate in longer lived bird species. Hence, 
not only is detection of density dependence hindered 
in short-lived species, but these species are also those 
in which annual census data gives the least accurate 
record of population changes over time. If long-lived 
species are representative of all bird species then a high 
proportion of species are expected to be density depen- 
dent (Fig. 2). How high a proportion depends on what 
minimal value of survival rate we take to represent 
long-lived species; density dependence was detected 
(at P < 0.05) in all of the three longest-lived species 
and in 75% of the 12 most long-lived species, and in 
46% of all species. 

Intuitively, we might expect that annual variability 
is closest to per generation variability when the life- 
span is closest to one year. In British land birds we 
found the opposite to be true; annual variability was 
most  similar to per generation variability in the longest- 

lived species, which have lifespans of up to 10 years. 
The model in which both life-stages experience density 
dependence produced a similar pattern to the bird time 
series. Annual variability was most similar to per gen- 
eration variability when survival rates were greatest (up 
to 0.8, which is a greater survival rate than in any of 
the bird series we used; Fig. 8). 

In conclusion, the effects of longevity on annual vari- 
ability, and its accuracy relative to the more general 
measure, per generation variability, make it necessary 
to use extreme caution when analysing annual census 
data from species which live for > 1 year. The effects of 
longevity on annual variability are expected to be more 
extreme than those of longevity on detection of den- 
sity dependence. However, almost all population para- 
meters calculated from time series of abundances 
collected at less than lifespan intervals are expected to 
be influenced by longevity. In British birds, when we 
correct for the presence of population trends, the high 
frequency with which density dependence is found in 
long-lived bird species should be indicative of all bird 
species. This is because even if density dependence is 
present in the dynamics of short-lived species, the in- 
flated variability of annual censuses is likely to have 
hindered detection of density dependence in these 
species. 
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