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Abstract. We investigated the effects of size of opening in
the vegetation and litter cover on seedling establishment
of two species of goldenrods (Solidago spp.) in an aban-
doned field in southwestern Michigan, U.S.A. Seeds of S.
canadensis and S. juncea were sown into clipped plots, rang-
ing from 0 cm (control, unclipped) to 100 cm in diameter,
with and without litter. Seedling emergence, survival and
growth were followed for one year. Soil moisture was not
significantly different among the opening sizes, but, within
a size, tended to be lower when litter was removed. Light
intensity at the soil surface was positively related to opening
size early in the growing season, but later in the growing
season reached a maximum in intermediate-sized openings
and then leveled off.

Litter strongly inhibited seedling emergence in both spe-
cies. Emergence of S. canadensis seedlings was lower in 0
and 10 cm openings than in the larger openings, while emer-
gence of S. juncea seedlings was lower in the largest open-
ings (100 cm) than in all the smaller openings. In contrast,
seedling growth and probability of survival increased with
diameter of opening for both species. Some seedlings of
S. juncea did survive in complete vegetation cover (controls,
0 cm openings) while seedlings of S. canadensis survived
only in openings of at least 30 cm diameter. Thus, S. juncea
had a smaller minimum opening size for seedling establish-
ment than S. canadensis, although both species grew and
survived best in the largest openings made in the experi-
ment.

Introduction

Many, if not most, plant species seem to require an opening
in established vegetation for successful recruitment of new
seedlings (eg. Sagar and Harper 1961; Tamm 1956, Litav
et al. 1963 ; Cavers and Harper 1967; Miles 1972; Summer-
field 1973; Puiwain and Harper 1970; McMahon and Un-
gar 1978; Gross 1980; Peart 1984; but see Gross and
Werner 1982). Attention is therefore becoming focused on
the qualities of openings that affect regeneration by seed
and on comparisons among species in their responses to
these qualities (Grubb 1977; Fenner 1978; Gross and
Werner 1982). Openings in vegetation may be created by
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many factors, including disturbance by animals, frost heav-
ing, and death of individual plants or groups of plants.
One of the most important qualities of openings that affects
seedling germination, growth and survival may be size (Da-
vis and Cantlon 1969; Ross and Harper 1972; Ehrenfeld
1980; Runkle 1982). Is there a continuous increase in prob-
ability of establishment with increasing size of opening or
is there an intermediate size of opening at which establish-
ment is maximal? Because the distribution of openings of
various sizes may be related to factors such as soil type
or size of mature plants, answers to this question may help
explain species distributions, both within and among com-
munities.

We examined the effect of opening size as well as remov-
al of litter cover on seedling establishment in two species
of goldenrod, Solidago canadensis L. var scabra (Muhl.)
T.I.G. and S. juncea Ait. (See Werner etal. 1980 for a
discussion of the taxonomy of S. canadensis). Both are pe-
rennial, rhizomatous herbs common in natural grasslands
and mid to late successional abandoned-fields in the north-
eastern United States. In a successional sere these species
have similar temporal distributions: both usually appear
during the first five years or so after abandonment of a
field and increase in biomass until woody vegetation be-
comes dominant. However, they have different spatial dis-
tributions within fields (Werner and Platt 1976). Solidago
canadensis is most abundant in mesic areas with relatively
high total vegetation cover, biomass, and height, while S.
Jjuncea occurs in drier areas with lower vegetation cover,
biomass and height.

In this study, we focused on whether differential seedling
establishment in the mesic area is responsible for the differ-
ence in distribution of the two species. We hypothesized
that seedlings of S. juncea are poorer competitors than S.
canadensis in the tall, closed vegetation characteristic of
mesic areas and hence unable to establish, while S. canaden-
sis seedlings are able to establish. Alternatively, both species
may require some sort of disturbance to establish in mesic
areas, but S. juncea may require a larger opening than S.
canadensis. Because one of the most common types of dis-
turbance in old-field communities is caused by animal bur-
rowing, which removes litter as well as vegetation cover,
we examined the effect of removal of litter as well as varia-
tion in opening size on seedling establishment. Animal bur-
rowing also disturbs the soil; however we decided to evalu-
ate the effects of vegetation (both living and dead material)
independently of any changes in soil structure caused by
a disturbance.
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Methods

Site. The experiments were conducted in Louden Field,
abandoned from pasturage 30 years prior to this study
(Stergios 1970) at the Kellogg Biological Station in Kalama-
zoo County in southwestern Michigan, USA. The experi-
mental site was in a relatively mesic part of the field with
close to 100% plant cover. The dominant species (all peren-
nial herbs) were Solidago canadensis, S. graminifolia, Bro-
mus inermis, and Trifolium repens. No S. juncea plants were
found in the area. Vegetation height at the end of June
was 72+2 em. The litter was composed primarily of hori-
zontal goldenrod and grass stems. Mean litter depth (top
of litter to mineral soil surface) at the end of June was
3.1440.27 cm.

Openings. Five different sizes of openings (0, 10, 30, 50,
and 100 cm in diameter) were made in May 1981 by clipping
all plants within the designated area at ground level. The
0 cm openings (controls) were probably not a distinct treat-
ment from the 10 cm diameter openings because interstem
distances were between 5 and 10 cm in undisturbed vegeta-
tion. Removal of plants by clipping has the advantage of
not disturbing the soil surface but the disadvantage of leav-
ing roots in the soil which may decay and contribute nu-
trients (Newbery 1979) or which may resprout and hence
continue to withdraw nutrients and water from the soil.
The latter problem was mitigated by continued reclipping
throughout the summer at approximately biweekly intervals
during the early part of the growing season (May—June)
and at monthly intervals through September. The plots
were not reclipped during the second growing season
(1982).

For each of the two species, 10 replicates of each open-
ing size were made leaving all litter intact and another 10
replicates were made removing all litter. The replicates were
laid out in a randomized design along transects with at
least 1 m between the edges of adjacent plots.

Planting. Seeds of both species were collected the fall of
1980, stored at room temperature all winter, and planted
on June 1, 1981. Because the parameter of interest was
distance of seedlings to established vegetation (radius of
opening), only an area 5cm in diameter in the center of
each plot was planted, regardless of size of opening. Ap-
proximately 2000 seeds of the appropriate species were
placed on the soil surface in each plot. In the plots with
litter, seeds were placed under the litter layer.

Seedlings began to emerge within 17-21 days and emer-
gence was virtually complete by June 31. All goldenrod
scedlings growing in the central 10 cm of a plot were
marked with plastic toothpicks as they emerged, and cen-
sused for survival and growth at ten-day intervals through-
out the growing season of 1981 (June-September) and then
again in July 1982. Background germination was very low
— almost no goldenrod seedlings of either species were ob-
served outside a central area 10 cm in diameter in each
plot.

Soil moisture. Percent soil moisture in each treatment was
measured gravimetrically in samples taken from 2-5cm
depth at three dates during the 1981 growing season. A
soil sample was taken from the center of each of five repli-
cate plots of each treatment. In order not to disturb seed-

lings growing in the experimental plots, the soil moisture
samples were taken from additional replicates of the treat-
ments without seeds planted or, later, from plots in which
no seedlings germinated or survived. All samples were taken
3-4 days after a sequence of rainy days with a total accumu-
lation of at least 1.7 cm.

Light. An estimate of light availability at the soil surface
in a subsample of the experimental plots was determined
in June and September 1981. Light intensity was measured
in the center of a plot at the soil surface (under litter, if
present) and above the vegetation surrounding the opening
(full sunlight} and the data presented as % of full sunlight.
All readings were taken between 1100 and 1400 h eastern
standard time. There were 8 readings per treatment in June
and 7-15 readings per treatment in September. The June
readings were taken with a Weston Illuminator and light
intensity was measured in lux. The September readings were
taken with a LI-COR photometer and measured in micro-
einsteins/m?/sec.

Analysis. Because the number of seeds planted per plot (ca.
2000) far exceeded the number of seedlings emerging in
each plot (maximum = 58), we have assumed that any differ-
ences in emergence rate were not due to variation in number
of seeds planted. Seedling emergence was very variable in
these plots; all treatments contained some replicates in
which no seedlings emerged. As a result, numbers of seed-
lings at all censuses were not normally distributed and vari-
ances were significantly heterogeneous even after square
root transformations. Therefore, all analyses on numbers
and survival of seedlings were done on the totals summed
over all replicates within a treatment. Chi square goodness-
of-fit tests were used to analyze numbers of seedlings at
emergence and after 1 year. The expected numbers of seed-
lings in each treatment were based on an even distribution
among all treatments. Chi square contingency tables were
used to analyze percentage survival of seedlings: the
number of emerged seedlings which survived one year vs.
the number which died in each treatment were compared.
To compare individual treatments, 2 x 2 Chi square tests
were used, but only pairs of treatments significant at the
0.005 level were considered as significantly different. Ex-
pected values were calculated in the same way as in the
overall chi square tests. We decided on this conservative
test to allow for the distortion of o levels due to the multiple
pairwise comparisons (Conover 1980).

Results

The presence of litter strongly inhibited seedling emergence
in both species (Fig. 1). Summing over the opening size
treatments, the chi square values for both species were
highly significant (99.436 and 128.39 for S. canadensis and
S. juncea, respectively, d.f.=1, P<0.001 for both tests).
Because so few seedlings emerged in the presence of litter
(totals of 9 for S. canadensis and 38 for S. juncea), no
effects of opening size with litter present could be evaluated
for either emergence or subsequent survival. Therefore all
subsequent analyses are for the litter-removed treatments
only.

Opening size significantly affected emergence of both
species (Table 1), although the pattern of differences among
treatments was not the same between the species. Emer-



gence of S. canadensis seedlings was significantly lower in
the two smallest openings (0, 10 cm) than in the openings
at least 30 cm in diameter. Emergence of S. juncea seedlings
was significantly lower in the largest opening (100 cm) and
there were not significant differences among the smaller
openings. The single largest number of emerging seedlings
for both species was in the intermediate-sized plots (30 cm).

Percent survival of emerged seedlings into the second
growing season showed a different pattern than that for
emergence: survival of both species increased with opening
size, although the overall chi square was significant only
for S. canadensis which had a very abrupt increase in surviv-
al between the 50 cm and 100 ¢cm treatments (Table 1). The
more gradual increase in survival with diameter of opening
for S. juncea yielded no significant opening size effects in
a chi square test (Table 1).

i NO LITTER
S. canadensis
60 — = = [0 urTTER

S. juncea

Emergence (nhumber of seedlings)

0 10 30 50 100

Diameter of Opening (cm)

Fig. 1. Total number of seedlings of S. canadensis and S. juncea
which emerged in openings of different sizes, with and without
litter present. Only seedlings in a 10 cm diameter area in the center

of each plot were counted
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Because both emergence and probability of survival in-
creased with opening size for S. canadensis, after one year
this species had a significantly greater number of seedlings
in the largest openings (Table 1, Fig. 2). However, for S.
Juncea the negative effect of opening size on emergence com-
bined with the positive trend for survival resulted in no
significant pairwise differences between treatments in
numbers of seedlings in the second growing season, al-
though the overall chi square was significant (Table 1). The
combination of the effects of opening size on emergence
and on survival are shown clearly in the survivorship curves
in Fig. 2. After one year, the high rate of survivorship of
S. juncea in the 100 cm plots had not yet compensated for
the low emergence in those plots.

There was no evidence of any density dependent interac-
tions among seedlings: within a given treatment there were

8. canadensis
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@100 cm

Number of Seedlings
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Fig. 2. Seedling survival in openings of different sizes with litter
removed. Values are total number of seedlings alive in all plots
of each treatment

Table 1. Emergence and survival of seedlings in different size openings in litter-removed plots. Values within a row with the same
letter are not significantly different in pairwise y* tests, using P <0.005 as a conservative significance level for the pairwise comparisons

Opening size (diameter in cm) x: dF
0 10 30 50 100
S. canadensis  # emerged seedlings 72 112 46° 29° 31° 40).839 *** 4
% survival to one yr 0* 0* 4.4 6.9% 51.6° 14.267%%* 4
# seedlings surviving! to one year 0* 0 22 2° 16° 36.000 *** 4
S. juncea # emerged seedlings 42° 492 58% 552 16° 25.682 %% 4
% survival to one yr 14.3 20.4 31.0 32.7 37.5 6.872™ 4
# seedlings surviving to one year 6 102 182 182 6 12.690 ** 4

" P>0.05, ** P<0.01, *** P<0.001

! expected values in each treatment all less than 5
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Table 2. Seedling growth in different size openings in the litter-removed plots. Values are means and end points of the 95% confidence
interval in parentheses. Data were log transformed prior to a one-way analysis of variance and then backtransformed for presentation.
The extremely large confidence intervals for S. canadensis seedlings after 13 months of growth are because of the few surviving seedlings
(n=2), rather than larger variances on that date. Height was measured only for S. canadensis after 13 mo of growth when seedlings
had assumed the vertical growth form typical of adults. S. juncea seedlings remained as rosettes in their second year of growth. Values
within a row with the same letter are not significantly different at the 0.05 level by an SNK test (Sokal and Rohlf 1969). No comparison

of means was made if the ANOVA was not significant

Diameter of Opening d.f. F
0 10 30 50 100
S. canadensis
1 month  number of 3 4 12 12 25

seedlings
number of 2.9%0 2.0° 232 2.8%° 3.6° 451 6.48 ***
leaves (1.2-6.8) (2.0-2.0) (1.8-2.9) (2.4-3.2) (3.1-4.1)
length longest 2.3 2.9¢ 3.2% 322 8.7* 4,51 8.76*%*
leaf (mm) 1.34.1) (1.9-4.5) (2.1-4.9) (2.0-5.0) (6.5-11.6)

13 months number of 0 0 2 2 16
seedlings
number of - - 2.5 2.5 10.22 2,17 5.19*
leaves (0.2-29.4) (0.0-17.0) (7.0-14.8)
length longest - - 26.3 224 44.7 2,17 2.237s
leaf (mm) (5.0-137.6) (0.4->1000) (33.7-59.3)
height (mm) - - 49.0* 21.92 134.9* 2,17 3.90*
of plant (5.1-476.8) (0—>1000) (80.6-225.8)

S. juncea

1 month  number of 22 28 33 37 10

seedlings
number of 2.3% 2.5% 2.7* 2.42 3.9° 4,125 3.41**
leaves (1.9-2.8) (2.2-2.9) (2.3-3.1) (2.0-2.7) 2.7-5.7)
length longest 2.7% 2.9 2.7% 3.5 9.5 4,125 14,49 %%*
leaf (mm) (2.2-3.4) (2.5-3.3) (2.3-3.2) (3.04.1) (5.4-16.7)

13 months number of 6 10 18 18 6
seedlings
number of 4.0 35 2.9 3.5 3.5 4,53 1.237s
leaves (2.5-6.3) (2.4-5.1) (2.5-3.3) (3.2-3.9) (2.5-5.0)
length longest 28.2*% 25.7% 33.1# 54,92 138.0° 4,53 5.74 %%
leaf (mm) (11.0-72.3) (16.2-40.8) (22.2-49.4) (38.5-78.3) (51.2-371.8)

= p>0.05, * P<0.05, ** P<0.01, *** P<0.001

no significant rank correlations between percent survival
and initial numbers of seedlings within a plot.

The patterns of seedling growth are very similar to those
for percent survival (Table 2). One month after planting,
mean number of leaves per seedling and length of longest

leaf were significantly affected by opening size in both spe-
cies. For both these measures of plant size, the largest seed-
lings were in the largest openings (100 cm), and in all cases
but number of leaves for S. canadensis, pairwise compari-
sons of opening sizes through 50 cm were not significant,
while seedlings in 100 cm openings were significantly larger
than those in all the smaller openings. Similar trends are
seen after 13 months of growth, although the species began
to differ in the parameters in which they responded to open-
ing size (Table 2). Solidago canadensis seedlings were largest
in the 100 cm openings in all parameters measured, with
the strongest response in plant height, although none of
the pairwise treatment comparisons was significant (prob-
ably due to the small number of seedlings surviving to 13

months). Solidago juncea responded in length of leaves, but
not in number of leaves.

To provide possible explanations for the patterns of
seedling emergence, survival and growth as a function of
litter cover and opening size, we analyzed the differences
in soil moisture and light availability in these treatments.

No significant effect of size of opening on % of soil
moisture below the soil surface was detected on any date
(Fig. 3). The presence of litter significantly increased sub-
surface soil moisture on one of the three dates sampled
during the 1981 growing season (Fig. 3). Light availability
early in the growing season increased from the smallest
to the largest openings, where it reached 98% full sunlight
in the absence of litter (Fig. 4). Later in the growing season,
light availability reached a maximum of 25% full sunlight
in the 30 cm openings but was not any greater in the larger
openings. In the plots with litter present, light levels at
the soil surface were much lower than in the same size
openings with litter removed and the difference between
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Fig. 3. Percent soil moisture at three dates during the 1981 growing
season. Data were subjected to an angular transformation prior
to analysis and backtransformed for presentation. The height of
each histogram represents the mean of 5 samples and vertical bars
represent 95% confidence intervals. Only significant (P<0.05) F
values from a two-way ANOVA (litter x opening diameter) are
shown. “**** indicates P <0.01
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Fig. 4. Percent of full sunlight measured at the soil surface at two
dates during the 1981 growing season. Data were subjected to an
angular transformation prior to analysis and backtransformed for
presentation. The height of the histograms represents the mean
of either 8 samples (June measurements) or 7-15 samples (August
measurements). Vertical bars are 95% confidence intervals. Only
significant (P<0.05) F values from a two-way ANOVA (litter x
opening diameter) are shown. *** indicates P <0.001
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litter-present and litter-removed plots increased with open-
ing size, resulting in a significant size x litter interaction in
the ANOVA (Fig. 4).

Discussion

The discussion touches on several points: the mechanisms
producing the observed patterns in seedling emergence, sur-
vival and growth; the implications for the spatial distribu-
tion of the two species relative to soil moisture within old
fields, and the implications for the temporal appearance
of S. canadensis and S. juncea in the successional sequence
in abandoned field communities.

Mechanisms

Emergence. The low emergence of both species under litter
could be due to several factors, such as low light availability
under litter (cf. Fig. 4), high early mortality due to mechani-
cal impedance by litter or due to fungal infection in the
dark, moist conditions under litter, or chemical inhibition
resulting from some substance produced by the litter. Al-
though we have no direct evidence bearing on which factor
is most important, the low emergence of S. canadensis in
all opening sizes with litter present and also in openings
of 0 and 10 cm with litter removed is consistent with inhibi-
tion of emergence by low light levels. For S. juncea, how-
ever, the emergence patterns are not completely explainable
by the light conditions. The 0 and 10 cm openings with
litter removed had lower light levels than openings 30 cm
or larger, but emergence was not significantly reduced rela-
tive to the larger openings. The 100 cm openings with litter
present had approximately the same light levels as the small
openings with litter removed, but emergence was lower in
the former. The cause of the low emergence of S. juncea
in the largest openings is unclear.

Survival and growth. The effects of opening size on survival
and growth of seedlings are most likely due to light. Both
species had perfect rank correlations of percent survival
with opening size (Table 1), although the actual relationship
was gradual for S. juncea and more abrupt for S. canaden-
sis. Both species showed much greater growth in the 100 cm
openings than in the smaller openings. These results corre-
spond with the increase in light availability from approxi-
mately 40% of full sunlight in the 30 and 50 cm openings
to 98% of full sunlight in the 100 cm openings in the June
measurements. The continued strong differences in growth
even after one year, combined with the lack of difference
in light among the 30, 50, and 100 cm openings late in
the first growing season (August) suggest that conditions
prevailing around the time of germination and in the first
month of growth are more important in determining subse-
quent survival and growth rate than conditions later in the
first season or in the subsequent season. This is further
substantiated by the strong effects of opening size seen after
13 months of growth, despite the fact that the openings
were not recleared after September 1981 and by the 13
month census in July, 1982, openings of all sizes had com-
pletely closed in and vegetation height within the openings
did not appear to be different from that outside the open-
ings (although the composition of the vegetation did differ).
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Spatial Separation of species

Although both species have their highest probability of sur-
vival and reach their largest individual size in the largest
openings used in this experiment, they strongly differ in
the minimum size of opening they require for any establish-
ment at all. Seedlings of S. juncea survived to 1 yr even
in the controls (0 cm openings), albeit with low growth rate,
while S. canadensis seedlings survived only in openings
30 cm or larger. For S. canadensis, even the 30 and 50 cm
openings had extremely low survival (< 10%), so that estab-
lishment is far more likely in the largest openings, where
survival was greater than 50%. Using the minimum dis-
tance a seedling must be from established large plants (radi-
us of smallest opening in which seedlings can survive) as
a measure of competitive ability, S. juncea seedlings are
better competitors than S. canadensis seedlings. The superi-
or competitive ability of S. juncea may be due to its larger
seed size (27.3 pg vs. 17.6 pug; Werner and Platt 1976). Sev-
eral workers have found that seedlings from large seeds
are better able to establish in closed vegetative cover than
seedlings from small seeds, both in interspecific (Fenner
1978 ; Gross and Werner 1982; Gross 1984) and intraspe-
cific comparisons (Stanton 1982; Gross 1984).

These results for seedlings experimentally sown in a
mesic area of a 30 yr-old field contrast with those found
for transplanted adult ramets of the same two species in
the same site (Werner in prep.). Werner found that, in mesic
areas, S. canadensis ramets could survive in the presence
of competition, although they grew better when surround-
ing vegetation was removed, while S. juncea ramets survived
only when surrounding vegetation was removed. Thus, at
the same site (although in different years), S. canadensis
was the superior adult competitor, while S. juncea was the
superior seedling competitor. The reason for the switch in
relative competitive abilities with age is probably due to
a shift from predominance of seed size effects to predomi-
nance of growth form effects. Both species are horizontal
rosettes in their first year, but S. juncea has larger seeds.
In the adult stage S. canadensis has vertical ramets able
to grow at least as tall as the surrounding vegetation, while
S. juncea has horizontal rosettes which are shaded by the
surrounding vegetation.

The adult relative competitive abilities correlate well
with the observed distribution pattern of adult goldenrods:
the better adult competitor is most abundant in mesic areas
of fields where vegetation is taller and competition for light
is relatively intense. The poorer adult competitor, S. juncea,
is most abundant in relatively dry areas of fields where
vegetation is short and competition for light is not very
intense; it has a much greater tolerance of low soil moisture
levels than does S. canadensis (Werner in prep.). The spatial
distribution pattern is probably determined by differential
mortality of growing, young adult plants, rather than differ-
ential success as first-year seedlings.

Succession

The results presented in this paper suggest that there is
very little regeneration by new genets of S. canadensis in
the field studied, despite the fact that it is a dominant com-
ponent of the vegetation in the field. Openings as large
as even 30 cm are almost nonexistent in mesic areas in this
field (Gross and Goldberg, unpublished data) so that the
chance of a seed landing (and remaining) in an opening

large enough to allow survival is very small. It seems likely
that the dominance of S. caradensis in this 30 yr-old field
has been attained by vegetative ramification (ramet produc-
tion) of genets established earlier in the successional se-
quence, when a much greater proportion of the field was
bare ground. Even though S. juncea seedlings were relative-
ly successful in establishing in small openings, Werner’s
experiments suggest that they would not survive to repro-
ductive maturity in mesic areas. S. juncea may be regenerat-
ing in drier areas (where it is currently most abundant)
where openings of all sizes are more common than in mesic
areas (Gross and Goldberg unpublished data, cf. Platt and
Weiss 1977).
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