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Abstract.—We present statistical methods appropriate for the analysis of seedling recruitment
data. The techniques are applied to the data collected by H. A. Roberts and his colleagues. The
main result of this analysis is that seed banks do not in general decay according to a negative
exponential pattern and that a wide range of recruitment patterns occur. We explore the effects
of unobserved mortality on age-specific recruitment. We also demonstrate the difficulty of inter-
preting age-specific patterns of recruitment in terms of the behavior of individual seeds. This
difficulty is a result of unobserved seed mortality and between-seed variability, either of which
can qualitatively change the shape of the recruitment curve. A simple model of the recruitment
process is presented, and it is demonstrated that density dependence can generate spurious
patterns of age-specific recruitment.

Understanding patterns of seed survivorship is of fundamental importance for
the management of weed populations (Roberts 1963) and the study of plant popu-
lation and community ecology (Pacala 1986; Rees and Long 1992). Indeed, the
early studies of Chepil (1946, p. 345) demonstrated that the number of seedlings
emerging in successive years differed greatly between species, and he concluded
that ‘‘the relative period of seed dormancy is one of the greatest single factors
contributing to the seriousness of a weed.”’

In 1989 Lonsdale published a forum paper in Oikos discussing the interpretation
of seed survivorship curves and drawing attention to the apparently anomalous
behavior of seed populations. He noted that populations of established plants
often show a wide range of survivorship curves whereas, on the basis of studies
by Roberts (Roberts 1964, 1979, 1986; Roberts and Neilson 1980; Roberts and
Boddrell 1983), seed populations are regarded as almost always following log-
linear or Deevey type 1l decay curves (Harper 1977; Begon and Mortimer 1981 ;
Fenner 1985; Watkinson 1986; Silvertown 1987). Lonsdale (1989) suggested that
the most likely explanation of this pattern is that Roberts’s data were inadequate
to reject the null hypothesis of exponential decay. However, it should be noted
that Roberts demonstrated nonexponential patterns of seedling emergence in sev-
eral papers (e.g., Roberts and Feast 1972, 1973; Roberts and Neilson 1980; Rob-
erts and Boddrell 1983).

Seed survivorship curves are often studied indirectly, and the pattern of seed
bank decay is inferred from the distribution of seedling emergence through time,
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although a number of studies have assessed the number of viable seeds present
in successive years (e.g., Roberts 1962; Roberts and Dawkins 1967). In these
studies the pattern of seedling emergence often closely mimics the decline in the
number of viable seeds. The observed patterns of recruitment reflect the underly-
ing processes of germination, which may or may not result in successful establish-
ment, and seed mortality. Germination is only partially observable, through those
seedlings that successfully establish, and mortality is completely unobserved,
making it difficult to determine which contributes most to the observed patterns.
However, Cook (1980) puts forward a number of plausible arguments that suggest
that germination is the dominant process. Observed age-dependent (nonexponen-
tial) recruitment is the result of one or a combination of the following processes:
(1) age-dependent germination; (2) age-dependent mortality; (3) age-dependent
establishment success of those seeds that germinate; (4) changes in the abiotic or
biotic environment; (5) between-individual variability in the probability of recruit-
ment; and (6) density-dependent germination or mortality. The fifth and sixth
mechanisms are not usually considered by biologists and yet may explain many
of the observed distributions.

In this article we first present statistical methods appropriate for the analysis
of seedling recruitment data and then apply these techniques to the data collected
by H. A. Roberts and his colleagues. The patterns of recruitment observed in
this large data set (145 species) are then described. Particular attention is focused
on inferences that can be made from this population level data to the behavior of
individual seeds. Where possible, methods for distinguishing the different mecha-
nisms generating age dependence are discussed.

THE ANALYSIS OF SEEDLING RECRUITMENT CURVES

Data Collection

Freshly collected seeds were mixed with the upper 7.5 cm of steam-sterilized
sandy clay loam confined in open-ended 23-cm-diameter cylinders sunk in the
ground outdoors and netted to exclude birds. There were two replicate cylinders
per species, each containing usually 1,000 seeds. On three occasions each year
the soil layer containing the seeds was mixed to its full depth to simulate cultiva-
tion. All seedlings were recorded and removed soon after they appeared. Record-
ing continued usually for 5 yr; the soil was dug up and the number of viable seeds
remaining was determined. For most species, separate experiments were begun
in each of 3 different years with freshly collected seeds. Between 1953 and 1986
data were obtained for 145 species of annual and perennial plants (Roberts 1964,
1979; Roberts and Neilson 1980; Roberts and Boddrell 1983).

Therefore, for each species we have a pattern of seedling emergence times
describing the number of recruits in each year of the experiment. In this article
we consider the pattern of emergence of the aggregate data set obtained by sum-
ming over all replicates, giving for each species a single set of seedling emergence
times. From these data the pattern of age-specific recruitment can be determined
through the techniques outlined below.



PATTERNS OF SEEDLING RECRUITMENT 235

Background Theory

For each species four parametric survival distributions were fitted and the
goodness of fit assessed with x? tests; the distributions were the exponential,
compound exponential, Weibull, and log logistic. The log-normal distribution was
not fitted because of the complexity of the survivor function, the difficulty in
distinguishing it from the exponential distribution, and its sensitivity to the group-
ing of small emergence times (Cox and QOakes 1984). These distributions are
continuous, and, although germination is a continuous process, data analyzed in
this article are considered over yearly intervals and hence discrete versions of
the continuous distributions are used. A continuous distribution is defined by f(¢),
the probability density function that gives F(7), the cumulative density function
(F(r) = [ f(t)dr). The discrete distribution is obtained from F(¢) by

m = F(i) — F(i — 1),

i = 1,2, ..., n, where m is the probability of recruitment in year i. The
age-specific recruitment rate or hazard is given by
R L
TL-FG- 1)’

The recruitment rate in year i is the number of seedlings observed in year i
divided by the total number of seedlings observed in year i or at any time thereaf-
ter. This concept needs interpretation.

The measured quantity in the experiments is the number of seedlings observed
in each year. However, ignoring possible density and seasonal effects, the recruit-
ment process is a combination of not just the age-specific germination but also
age-specific mortality (the probability in each year that a seed becomes nonviable)
and age-specific establishment (the probability that a seed that germinates is ob-
served as a seedling). If there is no death and establishment success is indepen-
dent of seed age, then all seeds will eventually germinate (though not necessarily
in the lifetime of the experiment), and the age-specific recruitment rate will equal
the age-specific germination rate.

Unfortunately, in reality there will be some death that by its nature is unob-
served—by observing seedlings one cannot determine the number of seeds that
are viable. Moreover, if one tried to recover all remaining viable seeds at the end
of the experiment, then that would only give an estimate of the maximum number
of seeds that died and not when they died.

When there are viable seeds present at the end of the experiment, it is not
possible to calculate the recruitment rate directly from the number of seedlings
observed over the duration of the experiment. The approach used in the analysis,
presented below, is to extrapolate the results beyond the end of the experiment,
until all seedlings that would have been recorded have been recorded, by fitting
a probability distribution to the observed figures. The recruitment rate can then
be calculated from the resulting fitted distribution. It is important to note that the
recruitment rate does not indicate the number of seeds that will germinate but
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indicates, of those seeds that become seedlings, what fraction will be observed
in a given year.

Before discussing the properties of the probability distributions that were used,
it is beneficial to look at how changes in age-specific germination and mortality
affect recruitment, under the assumption that age-specific establishment success
is constant; the mathematical results are presented in Appendix A. In the simplest
case in which germination (g) and seed mortality (d) are independent of seed age,
age-specific recruitment is constant (d + g — dg) and the pattern of seedling
emergence follows a negative-exponential distribution. Thus, if one has two popu-
lations, with the same germination rate but different constant death rates, then
the population with the higher death rate has the higher recruitment rate (fig. 1a).
This is because the seeds that germinate do so earlier.

If the germination rate is constant and the death rate increases/decreases with
age then the recruitment rate will similarly increase/decrease (fig. 1b). However,
when the germination rate increases with age, the recruitment rate increases
irrespective of the death rate (fig. 1¢). Unfortunately, when the germination rate
decreases with age, the resulting recruitment rate follows no simple rule. Even
with a constant death rate, it is possible for the recruitment rate to increase in
places, and the overall recruitment curve may be nonmonotonic (fig. 1d). This
makes interpretation of the observed recruitment curves in terms of germination
and mortality parameters difficult.

A summary of the properties of the distributions fitted is presented below. In
each case the parameter p has the dimension of the reciprocal of time and k is
dimensionless. The distributions were chosen to provide a wide range of possible
recruitment patterns; examples of the discrete versions are presented in figure 2.

Exponential Distribution
This distribution is defined by a single parameter p, the mean is 1/p, and
FO=1—-e"fO=pe ™ m=eP —~1),R=1—e".
The hazard is constant, implying that the probability of recruitment does not vary
with age (fig. 2a). The underlying discrete distribution is a geometric distribution.

Compound Exponential Distribution

When each recruitment time is exponentially distributed but the rate varies
randomly between individuals, the resulting distribution is a compound exponen-
tial. If the distribution of recruitment rates follows a gamma distribution then the
resulting distribution is

k(k/p)* (k/p)*

L N R

and

1 1 Y
= (k/p)" - pltpm =il 1 = < :
= L/) [(i —I-+ilg)™  (i+ Kfp)“] ( S pr)
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The distribution has a long tail when « is small and tends to the exponential as
k — o, The hazard is a monotone and is decreasing (fig. 2b).

Weibull Distribution
The Weibull distribution with scale parameter p and index k has
F(t) = 1 — exp[—(p0)*], f(1) = xp(pt)*~" exp[—(p1)*],
m; = exp[—(pi — p)*] — exp[—(p)*], R, = 1 — exp[—p (i — (/ — ))].

The hazard is either constant (k = 1) or monotonic increasing (k > 1) or decreas-
ing (v < 1) (fig. 2¢).

Log Logistic Distribution
This distribution allows a nonmonotonic hazard; the distribution is defined by

B kt* ! p~ - 1
1 = 0+ (:p)*iz’m) =fs R
1 UtGi-pr]
Yl (pi—p)t 1+ (D) [1 + (pi)]

If k < 1 the hazard is decreasing; if k > 1 the hazard of the continuous distribution
has a single maximum (fig. 2d).

The patterns of age-specific recruitment or hazard translate directly into pat-
terns of survivorship often used by biologists (Southwood 1978). A constant haz-
ard or age-specific rate implies a Deevey type 11 survivorship curve. If the hazard
is increasing then the probability of recruitment increases with age resulting in a
Deevey type I survivorship curve. Decreasing hazards imply a type III curve.
Nonmonotonic hazards result in a hybrid survivorship curve that is S-shaped.
This occurs because initially the probability of recruitment is low and so relatively
few recruits are recorded. The probability of recruitment then increases resulting
in the survivorship curve’s declining, and finally as the probability of recruitment
declines the curve flattens out.

Parameter Estimation and Assessment of the Goodness of Fit

The parameters, p and k, defining the distributions were estimated by maximum
likelihood. This involves obtaining an expression for the probability of observing
the data and then maximizing this to obtain the parameter estimates (Edwards
1972). Suppose we observe the emergence of N seedlings grouped into five fixed
intervals of a 1-yr duration. The number of seedlings observed in year i is G;, and

N=G, + G, + G;+ G, + Gs.

The unconditional probability that a seedling recruits in year i is m;(x), where x
is a vector of unknown parameters. Since the experiments were terminated after
5 yr the fitted distributions were truncated. This involved dividing each term,
m(x), by the probability that recruitment occurs during the experiment. The likeli-
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hood function (lik) is a multinomial probability regarded as a function of x, that

is,
5 m(x) 1%
lik(x) = N'! H% {W})] ‘

i=1 S

By maximizing this expression we obtain the maximum likelihood estimates of
the parameters defining the distribution. The maximization was carried out nu-
merically with the downhill simplex method (Nelder and Mead 1965).

An alternative approach to fitting a truncated distribution is to use the data
from the viability trial carried out after the experiments had run for 5 yr. These
data provide an estimate of the number of seedlings that could have recruited
after the experiment was terminated. This could be incorporated into the likeli-
hood function by including a term that is the probability of recruitment at some
time after the end of the experiment (i.e., mg(x) = 1 — F(5; x)). The likelihood
function is then of the form

6
lik = N" n EI'—!*n"-({)Gf,

i=1 !
where G, is the number of seedlings observed in the viability trial and N' = N
+ G, This approach was not used because it assumes that seedlings observed
in the viability trial come from the same recruitment process as those from the
rest of the experiment. This seems unlikely for a number of reasons: (1) the
probability of successful establishment is increased when the soil is spread thinly
during the viability trial and (2) because the soil is spread out germination occurs
rapidly so that fewer seeds lose viability before having a chance to germinate.
For these reasons the data from the viability trial were not incorporated into the
likelihood function.

Since the distributions were fitted to a large number of species it was necessary
to apply a correction that reduced the probability of rejecting the null hypothesis
when it is in fact true. When fitting a distribution to k species, we perform k
independent tests of the same hypothesis. Let a* be the significance level for
each test. Then the probability of at least one significant test is 1 — (1 — a*)~.
The overall significance level is then

a=1-(1-a*k.

Using this significance level we may correct for the large number of tests per-
formed (Elandt-Johnson and Johnson 1980).

Comparison of the Fitted Distributions

The shape of the hazard function was determined by the least significant x?
value with the significance levels 5%, 1%, and 0.1%. However, for those species
in which none of the four fitted distributions adequately described the pattern of
seedling emergence, assuming a 0.1% corrected significance level, no attempt
was made to determine the shape of the hazard. In those species in which two



PATTERNS OF SEEDLING RECRUITMENT 241

or more nonexponential distributions provided a similar fit to the data the shape
of the hazard function is given for each distribution (see App. B). In cases in
which the exponential and a nonexponential distribution provide a similar fit the
hazard was said to be constant. For the log logistic distribution the shape of the
hazard function was determined by inspection of the fitted hazards. This was
necessary because if the continuous hazard function has a maximum in the first
year of the experiment then the fitted hazards in each yearly interval may be
monotonic as a result of grouping the data.

When comparing two distributions in which one is a special case of the other
a likelihood ratio test may be applied to determine whether the extra parameters
that were fitted provide a statistically significant improvement in the fit of the
distribution (Elandt-Johnson and Johnson 1980; Cox and Oakes 1984). This allows
comparison of (1) the exponential and compound exponential and (2) the exponen-
tial and Weibull distributions. Specifically, if lik,(p) and lik(p, k) are the max-
imized likelihoods of the exponential and nonexponential models, respectively,

then the statistic
lik,(p
X = —2ln[.‘+\("3]
lik(p, k)
is approximately x* distributed with 1 df, assuming the distribution is in fact
exponential. This test was only applied in cases in which the nonexponential

distribution was not significantly different from the observed pattern of recruit-
ment at the 5% corrected level.

RESULTS

In Geranium pratense and Myrrhis odorata virtually all the seedlings emerged
during the first year of the experiment. For 29 species none of the four fitted
distributions adequately described the pattern of seedling emergence, assuming
a corrected significance level of 0.1%, and so the shape of the age-specific recruit-
ment curve could not be determined. In these species the pattern of age-specific
recruitment shows no simple pattern (fig. 3). Among the 114 species for which
the pattern of seedling emergence could be described adequately all four patterns
of age-specific recruitment were observed (i.e., constant, increasing, decreasing,
and nonmonotonic).

Previously data of this type have been analyzed with semilog plots. Figure 4
contains plots of the logarithm of the number of recruits against time. Such plots
are not very informative; compare parts a and b of figure 4, in which the plots
look very similar. In figure 4a the age-specific probability of recruitment is con-
stant, whereas in figure 4b the probability declines from 0.6577 to 0.2852. In figure
4¢ and d the species show increasing and nonmonotonic age-specific recruitment
probabilities, although again the observed patterns are very similar.

Descriptive Properties of the Distributions

Of the four distributions the exponential, with its single adjustable parameter,
is the least successful at describing the observed patterns of recruitment (fig. 5).
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FiG. 5.—Percentage of the fitted distributions that are not significantly different at the 5%
level and 5% corrected level.

Only 23% of the fitted distributions were not significantly different at the 5%
corrected level, indicating that in general the probability of recruitment is age-
dependent. In contrast the log logistic distribution provided an accurate descrip-
tion of 61% of the species. The compound exponential and Weibull distributions
were intermediate in their descriptive powers (fig. 5). This pattern reflects the
flexibility of the hazard function; the exponential distribution has a constant haz-
ard, the compound exponential has a constant or decreasing hazard, the Weibull
has constant, decreasing, or increasing hazards, and the log logistic has decreas-
ing or nonmonotonic hazards.

Patterns of Recruitment

The frequency distribution of the four types of age-dependent recruitment, as
determined by the least significant x* value, is given in figure 6a. The pattern
of age-specific recruitment is largely independent of how the data are chosen.
Considering all the species for which the hazard could be determined or only
those species in which the pattern of recruitment is accurately described at the
5% level or 5% corrected level produces virtually identical distributions of the
hazard (fig. 6a). Approximately 14% of the species have constant hazards, 15%
are increasing, 44% are decreasing, 21% are nonmonotonic, and 6% are undeter-
mined, being equally well described by two different types of hazard.

The distribution of hazards, for cases in which likelihood-ratio tests can be used
to differentiate between constant hazards and increasing or decreasing hazards, is
given in figure 6b. In this case 15% of the species have constant hazards at the
5% level and 28% at the 5% corrected level. This increase in the percentage
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FiG. 6.—The distribution of hazards. (a) The hazard is determined by the least significant
x%. (b) The hazard is determined using a likelihood ratio test.

of species with constant hazards reflects the exclusion of those species with
nonmonotonic hazards and also the more rigorous determination of the shape of
the hazard function. Approximately 20% of species have increasing, and 53%
decreasing, hazards. However, the hazard observed for a particular species
should not be treated as if graven in stone; changing the depth of incorporation
or the cultivation regime could well alter the observed pattern (this possibility is
currently being explored).

For the Compositae, Cruciferae, Leguminosae, Umbelliferae, and Scrophulari-
aceae there are enough species to allow the distribution of hazards within each
family to be determined (see fig. 7). The Compositae show similar patterns to
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Fi16. 7.—The distribution of hazards using all the data available for the Compositae (n =
29), Cruciferae (n = 9), Leguminosae (n = 8), Umbelliferae (n = 9), and Scrophulariaceae
(n =17).

those in the overall data set. The Umbelliferae, in contrast, have a higher propor-
tion of species with constant hazards. The Cruciferae, Leguminosae, and Scro-
phulariaceae appear to have a larger proportion of increasing and nonmonotonic
hazards. However, the data from these families must be interpreted with some
caution because of the relatively small sample sizes involved.

Interpreting Population-Level Patterns of Recruitment

It is often assumed that by studying population level patterns we may infer the
behavior of individuals within the population. Thus, if age-dependent patterns of
recruitment are observed at the population level it is assumed that these are the
result of individuals’ experiencing different recruitment probabilities as they age
(Lonsdale 1989). This need not be the case. If each individual has a constant
probability of recruitment but this probability varies between individuals then at
the population level we will observe a declining age-specific rate of recruitment.
This occurs because initially the population consists of individuals with high and
low probabilities of recruitment. However, as time proceeds the individuals with
high probabilities of recruitment will be selectively removed from the population,
leaving only those individuals with low probabilities of recruitment, resulting in
a decrease in the probability of recruitment at the population level. There is
abundant evidence that the probability of germination varies from seed to seed;
this may be the result of environmental heterogeneity or genetic or somatic poly-
morphisms (see Silvertown 1984 for a review with many examples). In Appendix
C we prove that the hazard of the compound exponential distribution is always
decreasing no matter what the distribution of recruitment probabilities. This may
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provide a partial explanation for the high proportion of species with decreasing
hazards. It must be remembered that the observed patterns are for aggregate
cohorts. If each cohort declined exponentially but at a different rate then the net
result would be a declining hazard in the aggregate data set; this hypothesis is
currently being explored. In Appendix C we also demonstrate that a mixture of
decreasing hazards always gives a decreasing hazard at the population level.

In an important series of papers Vaupel and co-workers (Vaupel et al. 1979;
Vaupel and Yashin 1983; Vaupel 1990) have investigated the demographic impli-
cations of variability between individuals. The approach is to assume that the
hazard of an individual of age 7 is

h(t, q) = qh(1),

where ¢ is a random variable representing the variability between individuals and
h(t) is the hazard of an individual when ¢ = 1. In this framework they demon-
strate that variability can create or remove age dependence or nonmonotonicity
depending on the nature of the individual hazard and the magnitude of the vari-
ability. These specific results have been generalized by Hoem (1990, p. 126) who
has shown that ‘“‘any nonstochastic hazard function in a model without unob-
served heterogeneity can be represented alternatively as the unconditional hazard
for a model with multiplicative unobserved heterogeneity and with a freely chosen
heterogeneity distribution (with finite mean). All such mixing distributions are
observationally equivalent to each other and to the original nonheterogeneity
model.”” This means that it is impossible to determine the individual-level hazard
from observational, population-level data. This difficulty is related to the normal
variance components model, in which it is impossible to divide variation into
within- and between-individual components if there is only one observation per
individual (Hougaard 1984). However, if the individual-level hazard is constant
then unobserved variability can only produce, at the population level, declining
hazards. Thus, if the population-level hazard is increasing or nonmonotonic then
this cannot be the result of variability and age independence; the individual hazard
must be age-dependent, assuming there is no density dependence in the system
(see below).

Density Dependence versus Age Dependence

In this section a simple model of a declining cohort is introduced and the effects
of density-dependent germination on population-level patterns of recruitment in-
vestigated. The model incorporates two well-documented aspects of germination
biology: (1) there is often considerable spread in the timing of seedling emergence
(Roberts and Neilson 1980; Roberts and Boddrell 1983) and (2) the presence of
established plants can affect the probability of germination (Gorski 1975; King
1975; Rice 1985). In the model, it is assumed that germination occurs in two
cohorts—autumn and spring. The probability of a seed’s germinating in the spring
depends on the presence of established seedlings from the autumn cohort. The
probability of germinating in the autumn is g,, and the probability of germinating
in the spring is g, with no established seedling and g, with an established seedling
from the autumn cohort. In each case the probability of germination is indepen-
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dent of seed age. When g,, < g, seedlings from the autumn cohort inhibit the
germination of seeds in spring. With these assumptions the average number of
seedlings observed in a microsite at the end of the germination period, given that
o seeds were initially present, can be calculated:

o—i

Elgerm|o seeds] = Z (T) gh(l — gu)a—;[f " Z (;r = 1) gl (1 — gm)a—i—jj]
j '

i=1] =0

+(1-g,)%,0
=> (?) gi(l — g)°7'li + golo — D] + (1 — g,)°g,0
i=1

=g0 +{[1— 1 —g) 1o —2uL.0r* (I —p)2e 0,

where E[ ] is the mathematical expectation (i.e., average value). This expression
has three components: (1) the average number of seeds that germinate in the
autumn cohort; (2) the average number of seeds that germinate in spring with
established seedlings from the autumn cohort; and (3) the average number of
seeds that germinate in spring if there are no established seedlings from the au-
tumn cohort. Assuming there are K microsites and that the seeds are distributed
over the microsites according to a Poisson distribution, we can calculate the
average number of seeds that germinate in each microsite given that S, seeds
were initially present,

o0

E[germ|S; seeds] = Z

i=0
+ L= (1 = gH1gii + (A = g.) e}
= (S;fK){ga + g_m(l - ga)
+ (1 = ga)(g,v = gw)exP(_gaS:’rK)] .

Multiplying this expression by K we obtain the total number of seeds that germi-
nate. It is assumed that the probability of seed germination in each cohort is
density-independent. Two important results emerge from the model.

First, the overall probability of seed germination can be density dependent,
even though germination in each cohort is density independent (i.e., seeds cannot
directly detect the presence of other seeds, let alone their density). The ingredi-
ents generating density dependence are variation in germination time (0 < g, <
1 and 0 < (g,, g,,) < 1) and the interaction between established plants and
seeds; germination is negatively density-dependent if established plants inhibit
germination (g, > g,,) and positively density-dependent if germination is stimu-
lated (g, < g,,). Density-dependent germination has been found in a number of
studies (Palmblad 1968; Qadir and Abbasi 1971; Linhart and Pickett 1973; Linhart
1976; Bergelson and Perry 1989).

Second, this density dependence can generate spurious age dependence as a
result of the reduction in seed density during a germination experiment. If germi-

- S/ K)(S,/K)
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Fic. 8.—Spurious age-dependent germination as a result of density dependence generated
by the interaction between seeds and established seedlings. (a) Germination is density inde-
pendent. g, = g,, = 0.3: (b) germination is negatively density dependent, g, = 0.3, g, =
0.03: (¢) germination is positively density dependent, g, = 0.03, g, = 0.3. Other parameter
values: K = 100, g, = 0.1.

nation is negatively density-dependent then the probability of germination ap-
pears to increase with seed age. In contrast, when germination is positively den-
sity-dependent the probability of germination appears to decrease with seed age
(fig. 8). Density-dependent seed mortality can also generate spurious age depen-
dence: if seed mortality is negatively density-dependent then age-specific recruit-
ment probability appears to increase with seed age, whereas positive density
dependence results in the probability of recruitment’s declining.

It is therefore possible to observe density- and age-dependent patterns of germi-
nation at the population level when neither is present at the level of the individual
seed. Unlike the combination of age independence and variability, density depen-
dence can produce increasing or decreasing patterns of age-dependent recruit-
ment. It should be noted that because each seedling was removed soon after
establishing that density dependence generated via the mechanism presented
above is unlikely to be observed in the data set presented in the main body of
the article. However, in other situations in which seedling establishment occurs
this type of density dependence has been observed (Inouye 1980; Graham and
Hutchings 1988).

DISCUSSION

The main empirical result from the analysis presented is that in general seed
banks do not decay according to a negative exponential pattern. The exponential
distribution provides an adequate description (using a corrected significance level
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of 5%) for only about 23% of the species analyzed. The widespread acceptance
of the exponential model is largely a result of the difficulty in detecting nonexpo-
nential patterns of recruitment from semilog plots of seedling emergence against
time. However, it should also be noted that Roberts demonstrated nonexponential
patterns of recruitment on several occasions (e.g., Roberts and Feast 1972, 1973;
Roberts and Neilson 1980; Roberts and Boddrell 1983), yet these results seem to
have been ignored. Unfortunately other graphical procedures (Cox 1979; Cox and
Oakes 1984), such as plotting the probability of recruitment against time, rely on
knowing the total number of seedlings that would have been observed had the
experiment been run indefinitely. An upper estimate of this figure can be obtained
by assuming that all seedlings recorded in the viability trial would have success-
fully recruited. The use of least-squares regression analysis of the logarithm of
seedling number against time is inappropriate for a number of reasons: (1) the
data points are not independent, since, if 1,500 out of 2,000 seeds sown recruit
in the first year then no more than 500 can recruit thereafter; (2) there is a
considerable loss of efficiency (Cox and Hinkley 1968) resulting in parameter
estimates with large standard errors, which makes rejecting the null hypothesis
of exponential decay difficult; (3) the estimates may be biased because it is as-
sumed that the likelihood of recruitment is known with equal confidence in each
year. This is clearly not true when the number of seedlings observed declines
rapidly through time.

These problems also plague studies of plant survivorship where semilog plots
are a popular form of analysis (e.g., Sarukhan and Harper 1973). Indeed, reanaly-
sis of much of these data has demonstrated that many survivorship curves previ-
ously thought to be negative exponential are in fact much better described by
nonexponential models (M. Rees, unpublished manuscript). These problems stem
from the difficulty in identifying nonexponential patterns from semilog plots. For
a graphical analysis of survival data it is much better to plot the age-specific
mortality probabilities against age or some function of age (Cox 1979) rather than
the logarithm of the number surviving. Likewise, data on seed and pollen dis-
persal are often presented on semilog plots (e.g., Werner 1975), and the problems
described above again apply.

A second theme arising from the results presented is the difficulty of interpreta-
tion. For example, nonmonotonic recruitment curves can be generated by (1)
nonmonotonic germination and negligible seed mortality, (2) declining germina-
tion and age-independent seed mortality, and (3) increasing germination, any pat-
tern of seed mortality, and between-individual variability, to name but three dif-
ferent mechanisms; of course other mechanisms are possible. This makes it
difficult to give simple mechanistic interpretations of the observed patterns. It
should also be emphasized that between-individual variability and unobserved
seed mortality can create complex patterns of recruitment at the population level
when the underlying individual behavior patterns are straightforward. For exam-
ple, U-shaped age-specific patterns of recruitment can be produced by mixing two
seed types, each with increasing age-specific rates. We have also demonstrated
that density dependence can generate spurious patterns of age dependence. These
difficulties can only be overcome by experimental studies that manipulate the
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frequency distribution of seed characteristics that affect the probability of recruit-
ment (Lonsdale 1989) and the density of seeds sown. However, even in this type
of study, it must be remembered that individual seeds will experience different
environments and that this variability can affect the overall patterns of recruit-
ment observed. One source of variability that can be assessed with the data
already collected is the effect of between-cohort heterogeneity. This is currently
being studied by fitting separate parameters to each cohort and comparing the
individual cohort hazards with the pattern observed in the aggregate data set.

An earlier model showed the possibility of density-dependent effects in seed
germination even though seeds cannot directly detect the presence of other seeds.
This could have important consequences for population dynamics. When seed-
lings inhibit germination, germination becomes negatively density dependent,
which prevents relatively high or low seedling densities from occurring and so
can stabilize population dynamics. In contrast, we suspect that, when germination
is stimulated by the presence of established seedlings, so generating positive
density dependence, this could be destabilizing. However, further work is re-
quired to determine the importance of these effects.

Although at present there is a large body of theory predicting when dormancy
will evolve (reviewed in Venable 1989) there appear to be no theoretical results
predicting when a given pattern of age-specific recruitment will evolve. However,
Templeton and Levin (1979) have explored the consequences of dormancy on the
evolution of traits not directly related to seed germination behavior. They show
that in a constant fitness model the presence of a seed bank does not affect the
equilibrium gene frequencies, although the rate of approach to the equilibrium
decreases as the average and variance in time to recruitment increases. To ex-
plore the effect of changing the recruitment hazard consider a species in which
the age-specific recruitment follows a Weibull distribution (see Background The-
ory). Both the mean and variance in recruitment time increase as the hazard
changes from increasing to decreasing (holding the rate parameter constant), and
this will slow the rate of approach to a genetic equilibrium.

In heterogeneous environments the fate of alleles is determined by both the
temporal sequence of fitnesses and the age-specific pattern of recruitment. Under
these circumstances the presence of a seed bank provides the population with a
store of information on the relative and absolute fitnesses over the past several
years. The selective importance of a given year depends on the fraction of seeds
that recruit. If few seeds recruit in a particular year then the selection in that
year will be effectively filtered out of the evolutionary process. Thus, the outcome
of natural selection can be altered by the pattern of age-specific recruitment (Tem-
pleton and Levin 1979). This is of great practical importance for the management
of, for example, herbicide resistance in weed populations.
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APPENDIX A
EFFecT OF UNOBSERVED SEED MORTALITY RECRUITMENT

In this appendix we explore the interaction between unobserved seed mortality and
germination on patterns of age-specific recruitment. 1t is assumed that in each year the
germination occurs before the seed mortality. Let S; be the number of viable seeds at the
beginning of year i. A fraction, g, of the seeds germinate to give G; seedlings. After
germination a fraction, d;, of the remaining seeds die, so that the number of seeds that die
is D,. Finally, let R; be the age-specific recruitment rate in year i{. The following simple
equalities apply:

GJ’ = gJ'SJ'I De = (1 - gr')di'sa" SJ'+I = (1 - gl)(l = di)SI!

From these it follows that
k
Sk = [1_[ (1 = gy = d:+j-1)] S
i=1
and so
gi

R, =— Z .
Zé’hk[l—[“ — 8+l - d:‘+;—[)]
k=0 i=1

Case 1.—If g and d are both age-independent, then the expression for R, reduces to

R, = B

i ® k
Zg[ﬂ(l—g){l—d)]
i=1

k=0

g

D 81— @t - At
k=0

=g+dl-g),

so the recruitment rate is independent of seed age. That is, the pattern of seedling emer-
gence follows a negative-exponential pattern.
Case 2.—If g is constant but d is age-dependent, then

g

i g{ﬁ“ —g)l — di—.-j—l]]

k=0 j=1

1
> - gmy,
k=0

R =
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where

It
my ;= H(I B d."—'_a'—l)'
f=1

Now if death is increasing with time, then m, ; decreases with time and thus R; increases.
Also if death decreases with time, then m, ; increases with time and thus R, decreases. So
if the germination rate is constant, the recruitment rate increases/decreases depending on
whether the death rate increases/decreases.

Case 3.—If g increases with seed age and d is either age-dependent or age-independent,
then we have the ratio R;. /R, such that

Gi+l i Gj
J=i

Ra’+] 1
R, 2
G > G
J=i+l1
- | l — d-
=“_-u.1( 2, J"‘R;T]-
8
Since R, > g,
R." T v 1= )‘.' — d].
1 ]>&1 |( g )(] ] -
R; &;

8i+1
>—[l —d{l —g)].
23 9)

i

If the germination rate is increasing then g;,, > g, so

B
__E"_t_l;. 1>d,,
li—ugly
Bldpy — g1 - g1 >1,
g
JRr‘+|.
A= i o o)

i

demonstrating that the recruitment rate increases independently of the death rate.
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Primulaceae:
Anagallis arvensis
Ranunculaceae:
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Resedaceae:
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Rosaceae:
Aphanes arvensis
Geum urbanum
Rubiaceae:
Galium mollugo
Scrophulariaceae:
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Rhinanthus minor
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34.89%=*

33.02%**
3.08%8

—jyeEss
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nm
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(continued)



TABLE Bl (Continued)

Compound Log
Exponential Exponential Weibull Logistic Hazard
Veronica arvensis 269 .84%*+ 269.84%+* 1.81INS 39,1 5%*= +iver®*
Veronica hederifolia 66.42%%% 11.24%%NS 20.54%** 5.0388 —ive
Veronica persica 23902 %%E 17213 %% 20,40 % ** 4% 13,77#*NS —ive
Veronica serpyllifolia 186.26%** 186.26%+* 18.367%+#%* 58,834 +ive
Solanaceae:
Hyoscyamus niger 242 35%+* 242.35%%% 29.67*** 12.17%+ N8 nm
Solanum dulcamara 108.41%** 9.22% N8 10,43%* NS 9.18* NS —ivet**
Solanum nigrum 183.45%+= JINS 98NS L7308 —iverk*
Solanum sarrachoides 161.98%#* 69.57%** 64.69%** 68.48%*%*
Umbelliferae:
Aethusa cynapium 282.30%*= 282.30%*= 8.70% NS 23.08%%* +ivett®
Angelica sylvestris 56.47F%* 8308 2.91N8 LO7NS —iverEs
Anthriscus caucalis 8.65=Ns 8.65% NS 7.41%N8 16.61%** const* N3 ( —jve)
Anthriscus sylvestris J73Ns const*N5( —jve)
Chaerophyllum temulentum 9.06** NS 1.88N8 2.95N8 —ive*Ns
Conium maculatum 7.03N8 2.08N8 2,738 4.41N8 const* N3 —jve)
Daucus carota 33.45%** 33 45%*% 14,99%# NS 5.30N8 nm
Heracleum sphondylium 3.22M8 4,33%NS 5.43%N8 3.56NS const, — ive
Sison amomum 12,22%+N8 12.22%%NS 4.05N8 9.61%*Ns +iver*NS
Torilis japonica 235.75%%#* 235.75%+* 142.65%** 43.6]1%%*
Urticaceae:
Urtica dioica 37.60%%* 3.2208 6.28*NS 6208 —ive¥t*
Urtica urens 60.87%%* 8.31%NS 9.06* NS 10.31%#NS —iveT#
Violaceae:
Viola arvensis 5.17N8 3.08N8 1.94N5 9.22%+NS const™®

Note.—Parameters are y’. The first superscript of the x* value gives the significance level for a single test, and the second is the significance level
corrected for the number of times the distribution was fitted. For the hazard, const indicates a constant hazard, —ive indicates a decreasing hazard,
+ive indicates an increasing hazard, and nm indicates a nonmonotonic hazard; the superscripts indicate the significance level based on a likelihood
ratio test: the first figure is for a single test, and the second corrected for the number of likelihood ratio tests performed. Only one figure is given when
the single test and corrected significance level are the same. When the likelihood ratio test indicated a constant or a nonconstant hazard depending on
the significance level chosen, the nonconstant hazard is given in parentheses,
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APPENDIX C
ErrFeEcT OF UNOBSERVED VARIABILITY ON RECRUITMENT

Here we look at the effects of adding unobserved variability to populations in which the
individual-level hazard is either constant or decreasing. We first establish some notation.
Suppose recruitment times are distributed with cumulative distribution function F(x, 1)
and probability density function (PDF) f(x, 1), where x is a vector of parameters. Then
write

2x, D =1-F(x,0, =0
Z(x, 0= —flx. 1), <0Vx,t
2x ) = =f(x0).

The conditional or individual-level hazard function is defined by

flx.n

M =T"Fa

-2'(x, 1)
z(x, 1)

£l

and its derivative is given by the following expression:

h'(x, 1) = B, I =568, Bz, 1) (Ch

z(x, 1)?

If x is distributed according to the PDF g(x) then the unconditional distribution of recruit-
ment times has PDF

b(1) = f

X

flx, Dg(x)dx,
ex
where X is the set of all possible parameters. The cumulative distribution function is

] 4
(1) j[ fx, Ng(x)dxdt :J jf(x,r)q{x)drdx
0rex T - - vEXSD T = g

J' Fix, Dg(x)dx.
Jrex T - -
The unconditional or population-level hazard, H(r), is then given by

—J Z'(x, Ng(x)dx
1€

H(t) =

f z(x, Nglx)dx
xeX

Function H'(¢) can be evaluated by differentiating through the integral providing g(x) has
finite variance (Weir 1973), giving

2
H'(1) = 1 T{[[ RAE? r)q({)d:_c]

[ [z, na@ax|
TEX

(C2)

—|‘ z"(g,r)q(g)dﬁj z(.f.f)q(J_c)dE].
JrEX rEX
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TueoreM. If #'(x, 1) = 0V x € X, t and x is distributed according to PDF g(x) then
the resulting unconditional or population level hazard is decreasing.
Proof. From equation (CI)

R(x, 1) =0=>z(x, D2"(x, D) = 2'(x, 1)
=>7"(x,0)>0.

Now by Cauchy-Schwartz inequality (Feller 1966) E(XY)? = E(X»)E(Y?) V X, Y random
variables. Therefore

Elz(x, DE[z"(x, D] = E[Vz(x, NZ"(x, D)
= E[|z'(x, D]
= E[Z'(x, D).

Using this result in equation (C2) demonstrates that H'(f) < 0, indicating that the uncondi-
tional or population-level hazard is decreasing.

Tueorem. If A'(x, 1) < 0V x € X, t and x is distributed according to PDF ¢(x) then
the resulting hazard is also decreasing.

Proof. From equation (C1)

B'(x, <0 z(x, 2"(x, 1) > 2'(x, 1)?
=>2'(x, > 0.

The individual hazards are all decreasing then z(x, ), z"(x, ) = 0. Therefore applying the
Cauchy-Schwartz inequality we obtain

Elz(x, D)E[z"(x, D] = E[Vz(x, Z"(x, D)
= E[|z'(x, 0])?
= E[z'(x, ).

Using this result in equation (C2) demonstrates that H'(f) < 0, indicating that the uncondi-
tional or population-level hazard is decreasing. Combining these two results shows that if
the individual-level hazard is either constant or decreasing or any combination of constant
and decreasing, then the population-level hazard is always decreasing.
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