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THE EFFECTS
OF POPULATIONSIZEAND DENSITYON THE REPRODUCTIVE
OUTPUT OF
ANEMONE CANADENSISL. (RANUNCULACEAE)
Brenda Molano-Flores' and Stephen D. Hendrix
University of Iowa, Department of Biological Sciences, 420 CB, Iowa City, Iowa 52242, U.S.A.

We studied the effects of population density and population size on stigma pollen load and fruit set in
Anemone canadensis, a xenogamous self-incompatible species. In 1993, 1994, and 1995, we examined 13-17
populations, with densities ranging from one to 39 flowering ramets per square meter and sizes ranging from
25 to 27,000 flowering ramets. In 1993, stigmas received fewer pollen grains than in 1994 or 1995. In 1993
and 1995, population size and fruit set were significantly and positively related, and in 1993, both population
density and stigma pollen load were significantly and positively related to fruit set. Stigma pollen load was
not significantly related to population density or size. Our results indicate that the effects of population density
and population size on plant reproduction in A. canadensis represent a range of outcomes influenced by
differences between years in the quality (self vs. outcross) of pollen moved. We hypothesize that small populations typically have poor fruit set because they consist of relatively few genets and infrequently receive
large amounts of outcross pollen, particularly when they are relatively close to large populations in protected
areas.
Keywords: population size, population density, plant reproduction, prairies, Anemone canadensis.

Introduction

of density on plant reproductionappears to be mediated
throughthe processof pollenmovement,relativelyfew studies
have directlyrelatedplant or flowerdensityto the numberof

Much emphasis in conservation biology has been placed on
understanding the role of population size in the reproductive
success of species because reductions in contiguous habitat
caused by fragmentation typically lead to reductions in population size (Harris 1984; Saunders et al. 1991). Many studies
of plants have shown that, compared with small populations,
large populations have higher fruit set, seed set, and seed germination rates (Jennersten 1988; Menges 1991; Hendrix 1994;
Byers 1995; Heschel and Paige 1995; Agren 1996). In outbreeding species, reductions in these measures of reproductive
success in small populations are often attributed to decreases
in the quantity or quality of pollinator service (Jennersten
1988; Aizen and Feinsinger 1994; Byers 1995; Agren 1996).
In addition to population size, density of plants in a population may also affect plant-pollinator interactions and hence
plant reproduction (Platt et al. 1974; Feinsinger et al. 1986;
Kunin 1992; Roll et al. 1997). Several studies have shown that
low reproduction is associated with low densities because of
low pollinator-visitation rates (Platt et al. 1974; Kunin 1993).
However, high plant densities may also result in decreased
reproductive output in outbreeding species because short pollinator flights between plants or flowers (Beattie 1976; Handel
1983; van Treuren et al. 1993; Karron et al. 1995a) may decrease the likelihood of flowers receiving outcross pollen (van
Treuren et al. 1993; Karron et al. 1995b). Although the effect

pollen grains or pollen tubes per flower (see Feinsinger et al.
1991; Kunin 1993). Furthermore, few studies have separated
the effects of population size and population density on pollen
movement (see Agren 1996; L. Rigney and S. D. Hendrix,
unpublished manuscript).
Over a 3-yr period, we examined the effects of population
density and population size on the reproductive success of
Anemone canadensis, a perennial herbaceous forb of prairies.
The specific questions addressed were, (1) Is reproductive success directly related to pollen arrival? (2) Is population density
or population size related to reproductive success in A. canadensis? (3) Does the effect of population density or population
size, if any, on reproductive characteristics, vary from year to
year? (4) Is the relationship between population size and density consistent from year to year?

Material and Methods
Study Species

1
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Anemone canadensis L. (Ranunculaceae) is a self-incompatible (Douglas and Cruden 1994) rhizomatous perennial,
commonly found in moist open areas such as wet prairies and
roadside ditches in the central and northeastern United States
and Canada (Sutherland 1986). The flowering period in Iowa
is late May to June. Flowers are solitary or in a cyme, and a
ramet may have more than one flower open at the same time.
Flowers have white showy sepals with numerous pistils and
stamens. Anemone canadensis is pollinated by generalists such
as solitary bees and syrphid flies (Douglas and Cruden 1994;
Williams 1996). Because the flowers do not produce nectar,
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pollen is the only reward for visitors. Maturing pistils develop
into achenes by mid-July.

70
b

Study Sites, Plant Collections, and Measurementsof
Population Characteristics

60

We conducted this study in 1993, 1994, and 1995 in 13-17
populations and patches in Dickinson County, Iowa, located
adjacent to unimproved roads, in state preserves, or, in one
case, adjacent to an active railway (table 1). Over the 3 yr of
this study, population sizes ranged from 25 to ca. 27,000 flowering ramets, and densities ranged from one to 39 flowering
ramets per square meter. The size of the area occupied by
roadside populations was never >100 M2. All roadside populations and the railway population were isolated from other
such populations by at least 1 km. Sizes of patches on preserves
ranged from 500 to 2500 m2 and were isolated from each
other by no less than 500 m. Edges of roadside populations
and preserve patches were very distinct, possibly because of
the clonal nature of A. canadensis.
At the beginning of each flowering season, we haphazardly
selected and tagged in each population 30 ramets with unopened flower buds. We collected these ramets at the end of
the fruiting season and used them to estimate mean percentage
of fruit set and mean percentage of aborted fruits.
In each population, we determined the number and density
of flowering ramets at the peak of the flowering season. In all
populations, the occupied area was mapped and measured
each year. We defined population or patch size as the absolute
number of flowering ramets because the inclusion of nonflowering ramets in measures of population size could obscure important relationships between size and aspects of the reproductive process. We measured size by direct counting in small
populations (<500 flowering ramets), and we calculated population density in small populations from ramet counts and
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Fig. 1 Stigma pollen loads (number of pollen grains per stigma
?75% and 25% quartiles) in populations of Anemone canadensis in
1993, 1994, and 1995. Histogram bars with different letters differ
significantly (P < 0.05).

area measurements. In large populations (>500 flowering ramets), we estimated size and density from the number of flowering ramets in not fewer than 100 1-m2 quadrats placed along
parallel transects that were equally spaced throughout the
population.

Table 1
Locationand Characteristicsof StudyPopulationsof Anemonecanadensisin 1993, 1994, and 1995
Populationaddress
180 Street,no. 3 ........
170 Street...............
130 Street...............

100 Street...............

Remnant
type

Roadside
Roadside
Roadside
Roadside

120 Street,no. 2 ........
180 Street,no. 1 ........
120 Street,no. 1 ........
140 Street,no. 2 ........
190 Street ...............
210 Avenue,no. 2 ......
140 Street,no. 1 ........
210 Avenue,no. 1 ......
140 Street,no. 3 ........
180 Street,no. 2 ........

Roadside
Roadside
Roadside
Roadside
Roadside
Roadside
Roadside
Roadside

120 Street, no. 3 ........

Roadside

Railroad ...............
Cayler...............
FredaHaffner ...........

Railroad
Preserve
Preserve

...
...

40
43
50
52
68
74
80
104

110
553

Numberof floweringramets.
Number of flowering ramets/m2.

64
57
75
47
82
47
42

...

Roadside

b

1994

...

Roadside

a

Densityb

Sizea

1993

...

67
...

80
107
...
718

1993

1994

1995

25
99
40

...
...
...
...

116
77
107
232
149
87
94
165
39
872

0.98
19.11
3.21
2.38
13.57
2.24
6.02
3.15
4.73
7.18

2.86
3.07
1.52
8.47
1.91
8.39
1.82

6.27
6.07
2.19
...
3.21
6.29
3.21
15.16
6.73
2.54
2.61
4.82
0.77
10.11

38.98

15.06

35.79

8.85
13.09
11.31

10.77
14.42
10.09

8.37
24.14
10.74

1995

...

690

564

859

5056
5156
22,943

7998
7181
26,101

8174
12,020
27,030

...

3.55
...

1.73
2.98
...

8.70
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Table 2
Stigma Pollen-Load and Percentage of Fruit Set in Anemone canadensis Populations in 1993, 1994, and 1995 (? SD)
Stigma pollen load
Population address

1993

1994

180 Street, no. 3 ........
170 Street ...............
130 Street ...............
100 Street ...............
120 Street, no. 2 ........
180 Street, no. 1 ........
120 Street, no. 1 ........
140 Street, no. 2 ........
190 Street ...............
210 Avenue, no. 2 ......
140 Street, no. 1 ........
210 Avenue, no. 1 ......
140 Street, no. 3 ........
180 Street, no. 2 ........
120 Street, no. 3 ........
Railroad ................
Cayler ................
Freda Haffner ...........

...

39.31 (14)
63.77 (20)
33.05 (25)
24.18 (19)
34.91 (18)
...
32.78 (25)
...
27.16 (24)
...

...

...
...
25.00 (14)
2.92 (4)
23.25 (14)
2.58 (4)
14.25 (12)
3.50 (6)
7.25 (7)
12.30 (6)
14.17 (9)
30.34 (19)
58.60 (36)
5.09 (7)
40.30 (35)
24.37 (29)

Percentage of fruit set
1995
42.56 (28)
86.57 (55)
28.36 (30)

...

27.44 (15)
...
39.84 (15)
41.09 (23)
26.91 (16)
47.53 (20)
29.86 (20)

EstimatingStigma Pollen Load

40

r 2 =0.12

40

30 -

19.6 (21)
14.5 (20)
47.1 (28)
58.6 (16)
22.4 (30)
0.0 (0)
1.4 (5)
...
0.0 (0)
...
0.0 (0)
7.7 (12)

1.6 (3)
17.8 (21)
10.0 (22)

...
...
4.7 (7)
62.5 (13)
1.9 (2)
0.0 (0)
37.8 (20)
3.4 (4)
13.9 (15)
6.7 (9)
24.6 (18)
0.0 (0)
62.6 (32)
67.2 (21)
50.0 (20)
52.4 (20)

(17)
(7)
(14)
(6)
(16)
(30)
(61)
(15)
(23)
(50)
(18)
(28)
(49)
(19)

I

20 *-

213

*)

X)

20 -

2

4

Log 10 Population Size

5

(1)
(2)
(17)
(22)
(19)

a) 1995
40

2
r =0.49
P =0.003

2
r=r0.29
P = 0.02

30 C: : 0
Co

20 -

I

CL~~~~~~~~~~~~~~~~~~~C
0

1

...

0.8
0.7
56.6
36.6
19.9

Population densities and sizes, as well as population means
of percentage of fruit set, percentage of aborted fruits, and
stigma pollen loads were not normally distributed. Therefore,
we used Kruskal-Wallis tests followed by Dunn's test for pairwise comparisons to examine for differences between years.
We used Pearson's product-moment correlations to test for

~~~~~~~~~~~~C

20o

...
1.1 (1)
31.5 (24)
0.4 (2)
0.0 (0)
24.6 (19)
2.5 (3)
23.7 (15)
12.5 (15)
22.2 (17)
1.4 (2)
3.6 (4)
67.1 (19)
32.1 (16)
31.7 (29)

StatisticalAnalysis

30

Co C

0

...

a) 1994

P = 0.24

0

1995

system (Douglas and Cruden 1994) in which rejection of selfpollen occurs after pollen tubes are formed. Furthermore, it is
not possible to distinguish pollen tubes that enter the ovary
from those that do not because of trichomes on the style and
ovary.

To estimate stigma pollen load per population (i.e., mean
number of pollen grains per stigma), we haphazardly collected
10-30 flowers per population at the peak of the flowering
season. We stored flowers in a 3 : 1 solution of 95% ethanol : acetic acid. Up to five pistils were removed from each
flower and prepared for fluorescence microscopy by soaking
in NaOH for 12 h to soften the tissue before staining with
0.1% aniline blue in 0.1 M K3PO4 (Martin 1959). We mounted
pistils on slides in glycerol and scored them for the total number of pollen grains per stigma. It is not possible to distinguish
outcross from self-pollen on the basis of pollen tube formation
in A. canadensis because of its gametophytic self-incompatible

a) 1993

1994

...

...

32.80
8.48
29.38
3.36
30.03
17.02
69.92
26.65
28.96
99.82
52.47
32.60
116.39
28.97

1993

0~~~~~~~~~~~~~

1

2

3

4

Log 10 Population Size

5

0

1

2

3

4

5

Log 10 Populaton Size

Fig. 2
Relationship between population density (flowering ramets/m') and population size (number of flowering ramets) in Anemone
canadensis populations in 1993, 1994, and 1995.

INTERNATIONAL JOURNAL OF PLANT SCIENCES

762

2
r =0.68

100

100r= 0.35 P =0.03

80 -

80 -

60

*

60

2
r =0.42 P =0.02

100

P =0.001

80 -

%

c)

b)

a)

60 -

*

Co

g

40 -

40 -

40-

20-

20-

20-

0
0

,
10

1

o
20

Population Density

30

0

1

2

3

4

Log 10 PopulationSize

5

0

f
10 20 30 40 50 60 70
Stigma Pollen Load

Fig. 3 Relationship between percentage of fruit set and (a) population density, (b) population size, and (c) and stigma pollen load in
Anemone canadensis populations in 1993.

a relationship between population density and population size
in 1993, 1994, and 1995. Population sizes were log transformed before statistical analyses. We used ANCOVA to compare the slopes of the significant size-density relationships
found for 1994 and 1995. Multiple regressions were used to
distinguish between the correlated effects of population size
and density in 1994 and 1995 on percentage of fruit set. In
preliminary regressions, population density was not related to
percentage of fruit set in either 1994 (r2 = 0.14, P = 0.49) or
1995 (r2 = 0.42, P = 0.98), but it was related to the residual
of size on density in 1995 (r2 = 0.42, P = 0.01). Therefore,
we regressed percentage of fruit set against population size and
the residual of density on size.
We used regression analysis to test for relationships in each
year between population density or size and population means
of percentage of fruit set, percentage of aborted fruits, and
stigma pollen load. We also used regression analysis to test
for relationships between stigma pollen load and percentage
of fruit set. We checked all data sets for statistical outliers
using Cook's D-test, and when found, they were eliminated
from the analyses. All tests were performed using SAS version
6 (SAS Institute 1989).
Results
Differences between Years in Reproductive and
Demographic Characteristics
Stigma pollen load varied significantly between years (Kruskal-Wallis test, H2 = 10.79, P = 0.01), with stigmas receiving
fewer pollen grains in 1993 than in 1994 or 1995 (Dunn's
test, P < 0.05) (fig. 1; table 2). This indicates major differences
in pollinator service over time. Population density, population
size, percentage of fruit set, and percentage of aborted fruits
did not vary significantly between years (Kruskal-Wallistests,
all H values < 1.36, all P values > 0.51).

Relationshipbetween Population Density
and PopulationSize
Population density and population size were significantly
and positively correlated in 1994 and 1995 but not in 1993
(fig. 2). The slopes of the regression lines for the relationship
between density-size relationships did not differ significantly
between 1994 and 1995 (ANCOVA, F = 1.00, df = 1,28,
P = 0.33), indicating that as density increased, size increased
to a similar degree in both years.

Patternsin ReproductiveOutput in 1993,
1994, and 1995
In 1993, percentage of fruit set was significantly and positively related with population density, population size, and
stigma pollen load (fig. 3; table 3). Stigma pollen load was not
significantly related with population density or size in 1993
(both r2 values < 0.20, and P values > 0.13) (table 3). The percentage of aborted fruits in 1993 was not related with population density or population size (all r2 values < 0.02, and P
values > 0.67) (table 3).
In contrast to 1993, percentage of fruit set was not significantly related with population density or size (both r2
values < 0.10, and P values > 0.31) in 1994 (fig. 4; table 3). In
the multiple-regression analysis, neither population size nor
the residual of the regression of density on size was significantly
related to percentage of fruit set (r2 = 0.14, all P > 0.20). Similarly, stigma pollen load was not significantly related with
population density, population size, or percentage of fruit set
(all r2 values < 0.06, and P values > 0.43) (fig. 4; table 3). Percentage of aborted fruits was not significantly related with
population density or population size in 1994 (all r2
values < 0.19, and P values > 0.11) (table 3).
In 1995, percentage of fruit set was significantly and positively related with population size as in 1993, but not with
population density (r2 = 0.00004, P = 0.98) (fig. 5; table 3).

DENSITY, AND REPRODUCTION
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Table 3
Regression Coefficients and Significance Levels of Relationships among Population Size,
Population Density, and Reproductive Characteristics in Anemone canadensis
in 1993, 1994, and 1995
Year/regression

r2

1993:
........
Population size vs. stigma pollen load .........
..........
Population size vs. percentage aborted fruits
........
Population size vs. percentage fruit set ........
.............
Population density vs. stigma pollen load
Population density vs. percentage aborted fruits ......
............
Population density vs. percentage fruit set
............
Stigma pollen load vs. percentage fruit set
1994:
........
Population size vs. stigma pollen load .........
..........
Population size vs. percentage aborted fruits
........
Population size vs. percentage fruit set ........
.............
Population density vs. stigma pollen load
Population density vs. percentage aborted fruits ......
............
Population density vs. percentage fruit set
............
Stigma pollen load vs. percentage fruit set
1995:
........
Population size vs. stigma pollen load .........
..........
Population size vs. percentage aborted fruits
........
Population size vs. percentage fruit set ........
.............
Population density vs. stigma pollen load
Population density vs. percentage aborted fruits ......
............
Population density vs. percentage fruit set
Stigma pollen load vs. percentage fruit set ............

In the multiple-regression analysis, population size was significantly related to percentage of fruit set (r2 = 0.42, P =
0.02), but not the residual of the regression of density on size
(r2 = 0.42, P = 0.10). As in the other 2 yr of the study, stigma
pollen load in a population was not significantly related with
population density, size, or percentage of fruit set (all r2
values<0.12, and P values>0.18) (fig. 5; table 3). This indicates no significant effect of population characteristics on
the pollination process and subsequent reproduction. In addition, percentage of aborted fruits in 1995 was not related
with population density or population size (all r2 values <
0.14, and P values> 0.15) (table 3).
Discussion
In contrast to other studies that have shown consistent effects over time of population size and density on reproduction
in plants in natural populations (Agren 1996; Kyhl 1997; L.
Rigney and S. D. Hendrix, unpublished manuscript) or experimental settings (Kunin 1997), our results indicate that
these population characteristics are only intermittently related
to reproduction in Anemone canadensis. In 1993, when population size and density were not related, both were significantly correlated with fruit set. However, in 1994 neither was
related to fruit set. In 1995, when size and density were correlated, we hypothesized that the significant effect on fruit set
was due mostly to population size. These results contrast with
the strong effects of density rather than size in the experimental
studies of Kunin (1997), possibly because densities in many
of our populations were higher than the most dense experi-

p

0.195
0.018
0.346
0.007
0.003
0.682
0.420

0.131
0.664
0.034
0.792
0.864
0.001
0.020

0.001
0.038
0.079
0.005
0.188
0.038
0.058

0.976
0.488
0.311
0.826
0.106
0.486
0.427

0.112
0.136
0.292
0.118
0.124
0.00004
0.003

0.191
0.145
0.025
0.176
0.166
0.983
0.823

mental array that he used. Furthermore, in contrast to pollen
addition experiments (Byers 1995) and a broad survey of many
tropical plant species (Aizen and Feinsinger 1994), we find
only marginal evidence supporting the hypothesis that decreased reproduction in small or less dense populations is related to low pollen arrival to stigmas. In the one year of our
study in which reproduction was related to both population
density and size (1993), we found that the amount of pollen
arriving to stigmas was related to percentage of fruit set but
not to population size or density, indicating that population
characteristics were not substantially influencing the quantity
of pollen moved.
For a self-incompatible species such as A. canadensis, the
amount of self versus outcross pollen arriving to stigmas or
the quality of pollinator service may be more important than
the amount of pollen moved. Because A. canadensis has vigorous vegetative reproduction and can form large clonal
patches in most years, the flowers available to donate or receive
pollen at any one time in a small patch could represent a small
number of genets. In the self-incompatible species, Eupatorium
resinosum, Byers and Meagher (1992) suggest a similar cause
for low reproduction in small populations. Thus, successful
pollination with outcross pollen in small populations of A.
canadensis would depend on infrequent, long-distance movement of pollinators between patches of relatively few genets.
This scenario could account for the fact that two-thirds of
populations with <1000 flowering stems had 20% or less fruit
set, while two-thirds of the populations with >5000 stems consistently had fruit sets of over 30%. Landscape features, particularly the distance to large populations (Spear 1987), may
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Fig. 4 Relationship between percentage of fruit set and (a) population density, (b) population size, and (c) and stigma pollen load in
Anemone canadensis populations in 1994.

year will interact with changes in pollinator guild structure in
complex ways that may be difficult to unravel.
Some of the inconsistencies between years in the effects of
population size and density on the reproduction in our study
likely reflect yearly variation in weather conditions affecting
pollinator abundance or activity. For example, low pollen
movement in 1993 may have resulted from the effect of unusually wet and cool weather in May and June on pollinator
abundance or activity levels. Precipitation during May was
more than twice normal (19.1 cm vs. 8.8 cm), and the average
temperature was 1.4?C lower than normal. In June, precipitation was nearly three times normal (29.0 cm vs. 10.4 cm),
and average temperature was 2.2?C lower than normal (U.S.
Environmental Data Service 1993). Cool and wet conditions

also be important given that small populations with high fruit
set were within 1 km of preserves or wildlife management areas
that harbor large populations.
Variation between years and sites in the structure of pollinator guild (S. D. Hendrix and L. Anderson, unpublished data)
may also affect quality of pollinator service. In general, different pollinators (i.e., beetles, bumblebees, honeybees) may
visit different numbers of flowers per plant and therefore differ
in their likelihood of performing geitonogamous (between
flowers on the same plant) pollinations (Kunin 1993; Robertson and Macnair 1995). Furthermore, different pollinators differ in their behavioral responses to patch size (Sih and Baltus
1987; Kunin 1997), indicating that variation in patch size or
density (Bateman 1956; Ellstrand et al. 1978) from year to
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2
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Fig. 5 Relationship between percentage of fruit set and (a) population density, (b) population size, and (c) and stigma pollen load in
Anemone canadensis populations in 1995.
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are well known to depress pollinator activity (Cruden 1972;
Mogford 1974; Cruden et al. 1976; Baker and Cruden 1991).
Similar cool and wet conditions in both May and June had
not occurred in the past 30 yr (U.S. Environmental Data Service 1960-1990), indicating that even though these weather
conditions may not be the norm, they influenced pollinator
activity and thus plant reproduction.
Our study strongly indicates that the relationship between
plant reproduction and both density and population size in A.
canadensis is best thought of as a distribution of outcomes
(Thompson 1988) representing a variety of relationships over
time, not all of which are statistically or biologically significant.
If other species exhibit similar variation between years in the
effects of size or density on reproduction, it may be difficult
to draw conclusions concerning differences between species
from 1-yr studies. In some of these 1-yr studies, no relationship
between density and reproduction of a species occurs (Pitelka
et al. 1980; Shaw 1987), while in other studies a relationship
does occur (Sih and Balthus 1987). Whether reproduction in
any given set of A. canadensis populations shows a significant
relationship with density or size may be highly dependent on
whether at least one of the small populations receive large
amounts of outcross pollen. In general, small populations usually have reduced per capita reproduction relative to larger
ones.
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Successful sexual reproduction is only one of many factors
affecting viability of A. canadensis populations. Recruitment
from seeds in experimental plots is poor (<5 %) (S. D. Hendrix,
B. Molano-Flores, and L. Rigney, unpublished results), indicating that when populations are destroyed by stochastic
events, recolonization of sites with more than a few genotypes
may be rare. However, once sites are colonized by even one
genotype, vigorous vegetative reproduction may permit the
population quickly to reach a size that is likely to attract pollinators carrying outcross pollen from other populations.
Thus, vegetative reproduction may be necessary to buffer populations against the uncertainties of sexual reproduction resulting from wide variation in density, size, genetic structure,
and availability of pollinators.
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