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Population Growth, Structure, and Seed Dispersal in the
Understory herb Cynoglossum virginianum: a Population
and Patch Dynamics Model

M.L. CIPOLLINIY, D.F. WHIGHAM and J, O'NEILL
Smithsonian Entvironmental Research Center, P.O. Box 28, Edgewater, MD 21037-0028, U.S.A.

Abstract We use a combined model of forest canopy dynamics and patch-specific demography to examine tha
rasponse of a forest understory herb, Cynoglossum virginianum, to changes in rates of forest disturbance, rates of
long distance seed dispersal, and patterns of seed dormancy. The matrix modalling approach followed that of Horvitz
and Schemske {1986), in which empirically-determined demographlc parameters of a population experiencing open
canopy conditions are modified depending upon demographic decay functions describing plant demography in a
serias of patch-types undergoing succession toward fully closed canopy. In our analysis, demographic transition ele-
ments were estimated from 14 years of long-term census data on three subpopulations at the Smithsonian Environ-
mantal Resaarch Center, Anne Arundel County, Maryland. Ona of the three subpopulations was subjected to full
canopy exposure in the second year of data collection, while the other two subpopulations remained in full understo-
ry conditions for the entire census period. Our results suggest small negative effects of a doubling of the rate of
canopy disturbance (defined as the rate at which new treefall gaps appear in closed canopy) and only small positive
offects of long distance dispersal on population growth rate, which predicts little selsction for long distance disper-
sal. Howavar, our analyses predict positive benefits of enhanced seed dormancy in this species, particularly if dor-
mancy is higher in new gaps relative to undarstory conditions. These results are primarily a product of enhanced re-
productive output in the years immediately following gap opening which is counterbalancad by increased seedling
mortality in those years and a near complete suppression of reproeductive output in [ater years (closing gaps]. The sup-
pression of reproduction in closing gaps may be a manifestation of a delayed effect of high costs of reproduction im-
posed in prior years. We discuss our results in terms of observed patterns of sead dispersal and in terms of the averall
potential influence of forest gap dynamics on the demography of understory herbs similar to C. virginianum, in which
demographlc responses to changes in canopy conditions differ in strength and direction among life history stages.

ness in Cynoglossum virginianum, an epizoochorous un-
derstory herb. Examination of responses of population
growth rate to changes in specific life-history parame-
ters may provide insight into the potential for selection
to act upon that particular character {Caswell, 1989},
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Spatial and temporal environmental variation is a major
factor influencing the demography of populations, and
thus the evolution of dispersal {Gadgil, 1971). For
stage-structured plants, dispersal is primarily restricted
to the seed stage, and different stages may vary inde-
pendently in their responses to environmental varia-
tion. The consequences of environmental variation for
stage-structured plant populations depend upon stage-
and patch-specific demographic parameters as well as
the spatisl and temporal dynamics of the habitat.

In this paper, we utilize a matrix population modelling
approach developed by Horvitz and Schemske {1886)
to examine the effects of forest dynamics and variation
in modes and rates of dispersal on mean population fit-

" Present address and address for correspondenca: Dapart-
ment of Zoology, University of Florida, 223 Bartram Hall,
Gainesville, FL. 32611, U.S.A.

as population growth rate is a measure of the mean fit-
nass of a population (Fisher, 1930}, Following Horvitz
and Schemske’'s model, we use a projection matrix ap-
proach to combine patch-specific plant demographies
with patch dynamics to detarmine the effect on popula-
tion growth and structure of: 1) Changes in forest
disturbance rate, defined as the probability of new
treefall gap formation, 2) Changes in the rate of long-
distance seed dispersal, defined as the proportion of
seeds dispersed out of patches, and 3} Changes in pat-
terns of seed dormancy.

Mathods

1. Species Description and Study Site
Cynoglossum {Wild Comfrey) is a long-lived non-clonal
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spring flowering perennial of deciduous forests of east-
ern North Arerica. Asexual plants form a basal rosette
of between 1 and 7 basal leaves; reproductive plants
also produce cauline leaves that decrease in size
acropetally on the single inflorescence. Seeds (meri-
carps) mature by August. While seeds appear to be
adapted for animal dispersal, most fall to the ground
still attached to inflorescence (D.F. Whigham and J.
O’Neill, pers. obs.].

We have studied three populations of Cynoglossum
that occur in an approximately 125 year old deciduous
forest on the property of the Smithsonian Environmen-
tal Research Center {SERC}. SERC is located (38°51°N,
76°32'W) approximately 45 miles east of Washingtan
{DC} on the Inner Coastal Plain of Maryland. Additional
life history information and characteristics of the forest
are described in Whigham et al. {1993).

2. Methods

individuals in three populations that were marked in
1978 were censused annually for the following: 1.
Number of rosette leaves on asexual plants, 2. Number
of rosette and cauline leaves on flowering individuals,
3. Number of flowers, 4, Number of mature seeds.
New seediings were marked each year and the number
of leaves recarded. Additional methodological details
are given in Whigham et al. (1993).

Matrix Model Construction

1. Treefall Gap Dynamics

We used a modification of the combined model of
forest dynamics and patch-specific population dynam-
ics described by Harvitz and Schemske {1986). Forest
canopy dynamics were modelled as a linear Markovian
pracess of forest succession (Fig. 1} following distur-
bance caused hy treefall gaps (Appendix 1), repre-
sented by the transition matrix P, whese entries p, rep-
resent the probabilities that type-f patches become
type-i patches in one year's time. The probability that a
patch becomes a new treefall gap, py, depends upon
the number of years since the last treefall occurred in
that patch. Beginning at a low probability for newly
formed gaps {0.0001), p; increases to an asymptotic

Fig. 1. Diagram of the linear Markovian patch dynamics
mode! employed in this study. Circles represent patch-typas
beginning with newly-formed gaps (1) and ending with full
understory patches (10). Arrows raprasent transitions
among the various patch-types across one year's time.
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Fig. 2. Diagrammatic representation of the probability of
new treefall gap formation {p,) as a function of patch-type.

value k (Fig. 2). These assumptions lead to an jXj
matrix of the form represented in Table 1. The column
eigenvector, f*, agsociated with the dominant eigen-
value (1) of the P matrix is proportional to the stable
patch-type distribution.

2. Paich-specific Population Dynamics

To model plant pepulation dynamics within a particular
patch type, we assumed a stage-classified matrix
model {Caswell, 1989). This type of model can be repre-
sented by a life cycle diagram in which arrows repre-
sent transitions among stages over one year's time.
The life history diagram represented in Fig. 3 is based
upon our demographic field studies of C. virginianum at
SERC. The model contains eight life history stages:

Fig. 3. Life cycle diagram for Cynoglossum virginianum at
SERC, Maryland. Circles represent life-histary. stages: 1=
seads, 2=dormant seeds, 3=seedlings, 4=small non-rapro-
ductives, §=large non-reproductives, 6 =small reproduc-
tives, 7=large reproductives, 8=deormant plants. Arrows
represent transitions or repraductive contributions of any
particular stage to another stage over one year's time.
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Patch type transition matrix (P} under two rates of canopy disturbance (k).

Probability of new gap farmation in closed canopy {k)=0.0086

0.000100 0.000704 0.003486 0.007194 0.008384

0.899900 0 0 0 o
3] 0.999296 0 o o
0 0 0.996534 0 0
o} 0 ] 0.8828086 0
0 0 o 0 0.991616
0 ¢ 0 0 0
0 ¢ 0 0 0
0 o 0 0 o]
0 o 0 0 0

Probability of new gap formation in closed canopy (k)=0.0172

0.000100 0.000842 0.005383 0.013752 0.016724

0.999900 0 Q 0 ¢
O 0.899158 ] 0 o
o) 0 0.994637 0 0
0 0 0 0.986248 o
o o] (¢} [] 0.983278
0 0 0 0 0
o 0 o o 0
0 0 o 0 0
0 o 0 o o

0.008571 0.008596 0.008599 0.008600 0.008600

0 0 0 0 0

0 0 0 0 0

o 0 0 0 0

0 o 0 0 o

0 0 0 0 0
0.991429 0 o 0 0

o 0.891404 0 o 0

o 0 0.891401 0 0

0 0 0 0.991400 0.991400

0.017145 0.017194 0.017188 0.017200 0.017200

o 0 0 o o]

4] 0 0 0 0

0 o o 0 o

) o 0 0 0

0 o o] 0 v}
0.982855 0 0 0 0

0 0.982806 o] 0 0

0 0 0.982801 0 ¢

0 0 8] 0.982800 0.982800

seeds, dormant seeds, seedlings, small and large
juveniles, smatl and large adults, and dormant plants.
Within one year's time: 1) Seeds (stage 1} can either
germinate, die, or become dormant seads, 2) Dormant
seeds (stage 2) may either die, remain dormant, or be-
come seedlings, 3} Seadlings {stage 3) either die or be-
come juveniles or go dormant, 4} Juveniles (stages 4
and 5} may die, go dormant, remain juveniles of the
same or a different size, or move to one of the adult
classes, B) Adults (stages 6 and 7) may die, go dor-
mant, remain adults of the same or a different size, or
regress to one of the juvenile stages, and 6) Dormant
plants (stage 8} may remain dormant or move to one of
the juvenile or adult stages. Plants contribute to the
seed class through reproduction by adults (stages 6
and 7), a process represented by arrows leading from
Jater stages to the seed stage. Size classes of juveniles
and adults were determined using Moloney’'s (1986)
algorithm for multiple censuses and multiple subpopula-
tions. We were able to distinguish twe size classes,
which we termed small {1 to 4 leaves) and large (5
leaves and larger).

The matrix representation (M) of this life history is
shown in Table 2. The elements of M, m,,, represent
transitions from stage b to stage a in one year's time.
Such a stage classified matrix is known as a Lefkovitch
{1965) stage-projection model {Caswell, 1889}, and is
analogous to a Leslie (1945) age-classified model. In
the present model, only stages 6 and 7 {small and large

reproductives) actually reproduce; however, other
stages contribute to seed production via the product of
their transitions to stages 6 and 7 (Mg, Mz} and the
stage-specific fertilities of those size classes (z; z;7} {Ap-
pendix 1). The initial numerical equivalent that repre-
sents population dynamics in a new treefall gap, is call-
ed '‘PATCH-1’ type demography, and was obtained by
boot-strap resampling (=100 resamples) of the data
for subpopulation 3 (new gap conditions) for the first
six years following the 1980 treefall {Table 3}

The mathematical properties of the matrix M corre-
spond to basic demographic properties of the popula-
tion (Caswell, 1989). The long-term dynamics of the

Table 2. Generalized form of the population demograph-
ic matrix (M} corresponding to the life-history
diagram of C. virginianum represented in Fig.

3.

0 o 0 Ma Mg Mg My Mg
M2y My o (o} a Q a (4}
ma My 0 0 0 0 0 4]

0 0 Maa Mas Mas Mys Maz Mg

0 Y 0 Mgq  Mgs Mg Mgy Mey

(o} 0 0 Mgqy Mes  Mas My Mgy

0 0 0 Mya Myg Mag my; Mg

0 0 Mpy Mge Mes Mos Mgz Mg
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Table 3. Seediing-to-seed ratios and mean reproductive rate (R) for three C.
virginianum subpopulstions at SERC. Understory conditions prevail-
ed for the entire census pariod {1879 to 1992} for subpopulations 1
and 2, while subpopulation 3 became exposed by a treefall gap in
the winter of 1980 {end of year 1). For each subpopulation, & (multi-
plicative growth rate) was calculated as the mean of N, /N, across
the indicated census periods. Germination {Germ) estimates repre-
sent overall seedling-to-seed ratios for the indicated census periad,

Populatian Interval Seeds Seedlings Germ R
1 First 6 years 145 34 0.2345 0.942
Second 7 years 150 53 0.3533 1.037
Overall 295 87 0.2949 0.983
2 First 6 years 205 44 0.2146 0.810
Second 7 years 132 49 0.3712 1.057
Overall 337 a3 0.2759 0.989
3 First 6 years 360 85 0.2639 1.685
Secand 7 years 22 6 0.2727 0.776
Ovaerall as2 101 0.2643 1.195
Grand tota! 1014 281 c.27TM 1.059

matrix are governed by its dominant eigenvalue, 1,
which provides a measure of asymptotic multiplicative
population growth rate. The column eigenvector, w, is
proportional to the stable stage disttibution, while the
elements of the row eigenvector, v, are proportional to
stage-specific reproductive values. Elasticities, €.,
which are equal to (rm,,/2) % {difdm.s) {de Kroon, et al.,
1986), represent the relative effects of proportional
changes in the elements of the matrix M with respect
to their effects on 2.

3. Changes with Forest Succession
Ailthough we have data available for demographies
spanning 14 years of succession following gap forma-
tion in subpopulation 3, sample sizes within any par-
ticular year were insufficient to obtain reliable within-
year transition matrices. Thus, we combined data for
the first six years following gap formation (PATCH-1=
new gap conditions), and combined the data for the
last seven censuses of subpopulation 3 into a second
data set (PATCH-6=closing gap conditions). Data for
the first year of the data set for subpopulation 3 were
combined with data from all years for subpopulations 1
and 2 to form the data set we considered representa-
tive of full understory conditions {PATCH-10=full up-
derstory). For each of the three data sets, we rasam-
pled the data with replacement (7= 100 resamples) to
obtain means and error estimates for the transition ele-
ments and stape-specific fartilities (Table 4}. Because
our estimates for transitions involving seeds and dor-
mant seeds were indirect (Appendix 1), these values
were initially held constant among matrices.

To create demographic matrices for the full range of

patch-types (n=10), we modelled finear change in
each transition element from its value in PATCH-1 to its
value in PATCH-8, and from its value in PATCH-6 to its
value in PATCH-10. We thus arrived at transition mat-
rices we considered representative of the first nine
years following gap formation (PATCH-1 through -9} as
well as all patches aged 10 years or older (PATCH-10).
Row 1 of each new submatrix was created in the same
fashion as row 1 the PATCH-1 matrix {Appendix 1].

4. Ovarall Population Dynamics

To characterize overall population dynamics, the model
of farest dynamics was combined with the model of
patch-specific population dynamics. The population at
time ¢ could then be characterized by a vector, n, with &
dimension equal to the humber of stage classes % the
number of patch types: in our case, 8 x 10=80. All
possible transitions among stages and among patch
types were contained in 8 matrix G, comprised of one-
hundred 8 x 8 submatrices, SUBy. Each entry in G, Gasy
represents the probability that an individual in stage
class b in patch type j contributes to or appears as an in-
dividual in stage class a in patch type 7 after one year's
time,

A model representing static spatial heterogeneity
without long-distance dispersal was first developed by
ordering the ten patch-specific matrices along the
diagonal of G, beginning with the PATCH-1 matrix in
the upper left corner. To include successional pro-
cesseas, the 8 x 8 submatrices of G {SUB,) were altered
te form new submatrices (SUBT,) determined by the
successional dynamics of the forest and the timing of
gap formation with respect to the annual census (Ap-
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Table 4. Population demographic matrices {M} for C. virginfanum considered representative of a) newly-
formed gap conditions, b) closing gap conditions, and ¢) full understory conditions.

a) PATCH-1 [newly formed gap):

o 0 o 1.3060
0.77210 0.2290 0 0
0.2290 0.0480 4] 0

o 0 0.5032 0.4689

0 0 0 0.08965

0 0 4} 0.0123

0 0 ¢ 0.0536

0 0 0.0864 0.0229

b} PATCH-6 {closing pap):

0 ) o o
0.7710 0.2290 0 0
0.2290 0.0480 o o

0 0 0.7180 0.7477

o 0 o 0.0238

o ] o 0

0 0 ] 0

0 0 0 0

g} PATCH-10 (full understory):

0 0 0 0.1464
0.7710 0.2290 ¢} 0
0.2280 0.0480 ) 0

[¢] [+) 0.6252 0.6785

v} 0 0 0.1281

Q 0 0 0.0038

0 0 0 0.0112

o o 0.0457 0.0262

5.9211 7.9723 5,439 0

0 0 o 0

o 0 o o
0.4178 0.3447 0.1641 0.8047
0.1988 0.1283 0.5819 0.1963
0.0B04 0.2722 0.2540 o
0.2159 0.1102 0 o
0.0364 0.1446 0] 0
0.6327 1.5227 ¢ o

0 o 0 0

o 0 0 0
0.2602 0.6671 0.6690 0.6885
0.687¢ 0.1932 0.3310 0

0 o 0 o
0.0622 0.1497 0 0

0 0 0 0.31156
1.4138 1.6227 1.4668 0.2370

0 0 o o

0 o o] 0
0.2985 0.6571 0.2589 0.6614
0.5100 0.1932 0.5574 0.1122
0.0082 0 o 4]
0.1321 0.1497 0.1442 0.0233
0.0126 0 ¢ 0.201

pendix 1). The patch dynamics transition parameters,
py (Table 1} determina the probabilities that patch types
will change before the next census. Wa assumed that
most tree falls at SERC occur during times of high wind
in the springtime {March and April, just before the an-
nual census). As such, we post-multiplied the SUB; mat-
rices by the p;’s to obtain the new submatrices, SUBT).
The resulting matrix represented overall population dy-
namics including successicnal changes and patch-
specific demography.

5. Long-distance Seed Dispersal

To model effects of long distance seed dispersal, we
defined y as the proportion of seeds that move out of
patch type j. We then assumaed that the probability that
a dispersed seed reaches patch type / depends only
upon the relative frequency of patch types in the en-
vironment, f*;, where f* is a vector representing the
stable patch-type distribution. The overall population
model with long-distance dispersal (D) was essentially
identical to the model without dispersal (G), except
that in every submatrix the element gsy; (seed-to-seed-

ling transitions) was reduced by the proportion of seeds
dispersad out of the patch and increased by the fraction
dispersed into the patch {Appendix 1).

6. Increased Seed Dormancy

Seed dormancy, which was included explicitly in our
transition matrices in order to allow tracking of dor-
mant seed frequencies, can be modified through
changes in the seed-to-dormant seed or in the dormant
seed-to-seedling transitions {m2; and mya;, respective-
ly). Because our estimates of parameters involving
seed germination and dormancy were indirect, we
modalled variation in the seed-to-dormant seed transi-
tion (M2} 8s @ means of assessing potential effects on
population growth. To do this, we linearly increased
the transition from seeds-to-dormant seads in each of
the 10 patch-types starting with the PATCH-1 estimate
and increasing to a level of twice that in the PATCH-10
matrix {dormancy higher in new gap conditions), a con-
dition we tarmed “INC1'’. We also modelled the op-
posite pattern {seed dormancy higher in understory con-
ditions) by increasing the seed-to-dormant seed transi-
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tion linearly from its PATCH-10 value to a level of twice
that in the PATCH-1 matrix, a condition we termed
"INC2",

7. Matrix Analysis and Modelled Parameters

We used AT-MATLAB {The Mathworks, Inc., 1989) to
construct the models and to obtain for each matrix: 4,
w, v, and the matrix of elasticities (E). We modalled all
combinations of variation in three differant parameters:
1] Forest canopy disturbance (k}, at the observed rate
of 0.0086 and at a doubling of that rate (0.0172). 2)
Long-distance seed dispersal (v}, at values ranging
from O 1o 1.0, and 3) Seed dormancy (m3;), at the ob-
served rate and for the two patterns of increased seed
dormancy {INC1 and INC2).

Rasults

1. Forest Canopy Dynamics

Based upon prior analyses (Cipoliini et al., submitted),
we have estimated that new treefall gaps in 1992 com-
prised 0.86% of the area in closed canopy in 1991, Bas-
ed upon an estimated rate of radial gap closure {(0.36 m
per year), mean time to closure was 8.3 years, which
vielded the nine gap stages used in this model. At k=
0.0086, the stable patch-type distribution (f*)) was
dominated by understory patches; i.e. over 92% of pat-
ches were understory (Fig. 4). The relative area in gaps
of all ages {(sum of f*, through *g) was 0.0744, which
compared favorably with our empirical estimate of
0.0542 (Cipollini et al., submitted). When k was doubl-
ed to 0.0172, §*, was shifted accordingly, with an in-
creased relative abundance of patches in the various

2 | B %
GAPPATCH-Ty::DERSTORY

Fig. 4. EHect of rate of new gap formation in closed canopy
(k} on the relative frequency of gaps (patch-types 1-9:
GAP} and fully-closed understory (patch-type 10:
UNDERSTORY).

stages of succession (Fig. 4}.

2. Patch-specific Demography

Numerical estimates for PATCH-1, PATCH-6, and
PATCH-10 demography are shown in Table 4, Relative
to full understory conditions {(PATCH-10 demography)
notable differences in the other two transition matrices
included: 1)} An increase in reproductive output in new
gap conditions (PATCH-1), which was associated with
an increase in plants moving from juvenile to reproduc-
tive classes; 2) A near complete suppression of repro-
duction in closing gap conditions {PATCH-6); and 3} An
increase in seedling mortality in new gap conditions
{PATCH-1}.

Eigenanalysis of the individual submatrices showed
that population size should increase exponentially in
patch-types 1 and 2, whereas it should decrease in all
other patch-types (Fig. 5). As such, these results sug-
gest that the demography of C. virginianum may be de-
pendent upon rates and spatial patterning of treefall
gap formation. Elasticity analyses indicate that the
most influential transitions were seed-to-seedling, seed-
ling-to-small juvenile, and the small juvaniie self-loop
{ma1, maz and mag, respectively) in new gaps, and the
small and large juvenile self-loops {m4q and mgs, respec-
tively} in both closing gaps and understory conditions
{Table 5).

Stable population distributions were dominated by
seeds and dormant seeds in new gap conditions,
whereas distributions were dominated almost ex-
clusively by small and large juveniles in closing gap con-
ditions {Table 5). Stable population distributions in full
understory conditions were intermediate with respect
to new gap and closing gap conditions, being domi-
nated by small juveniles, seeds and dormant seeds. Re-
productive values of the various stage classes also
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Flg. 6. Patch-specific population growth rate {1} for each of
10 patch-types {PATCHES-1 to - 10}, Results were obtained
from eigenanalysis of the individual submatrices, without
patch dynamics or seed dispersal.
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Table 5. Results of eigenanalysis of population demographic matricas corresponding to PATCH-1, PATCH-

6. and PATCH-10 type demographies.

Submatrix=PATCH-1 {newly-formed gap): i=1.0858
E=

0 0 0 0.0549
0.0237 0.0063 v 0
0.1258 0.0237 0 0

o] o] 0.1245 0.1415

0 Q 0 0.0689

0 0 4] 0.0102

o 0 0 0.0446

0 4] 0.0248 0.0081

Stable population distribution (w}:

0.3805 0.3460 G.0864 0.1176
Stable reproductive values {v);

0.2098 0.04589 0,8378 1.6077
Submatrix=PATCH-6 (closing gap): 1=0.8390
E=

0 (o} 0 0
0.0047 0.0018 0 0
0.0179 0.0047 Q 0

0 0 0.0226 0.4823

0 0 0 0.0588

0 0 0 0

0 4] 0 0

[¢] ] 0 0

Stable population distribution (w}:

0.0908 0.1082 0.0310 0.6407
Stable reproductive values (vi:

0.1652 0.03689 0.4842 0.6649

Submatrix=PATCH-10 (full understory): 1=0.9864
E= ’

o] o 0 c.0131
0.0125 0.0038 0 +}
0.0585 0.0125 o o

0 o 0.0653 0.3128

0 0 o 0.1027

0 o o] 0.0028

0 0 0 0.0094

4] o] 0.0058 6.0141

Stable population distribution (w:

0.2403 0.2446 0.0677 0.2990
Stable reproductive values (v);

0.1400 0.0318 0.4969 0.7202

0.0507 0.0219 0.0220 0

0 o 0 0

0 o 0 0
0.0257 0.0068 0.0048 0.0247
0.0291 0.0060 0.0401 0.0142
0.0135 0.0147 0.0202 0
0.0366 0.0080 0 0
0.0026 0.0033 0 0
0.0240 0.0077 0.0113 0.0120
3.5671 4.1262 4.1516 1.7673
0.0226 0 0 0

0 0 0 0

0 0 0 0
0.0303 0 0.0060 0
0.3192 0 0.0114 0

0 0 0 0
0.0174 0 0 0

0 0 0 0
0.1204  <0.0001 0.0089 <0.0001
2.1626 1.4733 1.3039 0.7376
0.0463 0.0009 0.0096 0.0011

0 0 0 0

0 0 o 0
0.0603 0.0021 0.0087 0.0156
0.1616 0.0011 0.0332 0.0047
0.0022 0 0 0
0.0404 0.0009 0.0088 0.0010
0.0026 0 0 0.0058
0.1092 0.0021 0.0219 0.0166
1.2716 1.1432 1.3067 0.8715

shifted with patch-type, baing highest for the two adult
classes in new gap conditions and highest for large
juveniles and small adults in closing gap conditions

(Table 5). As with stable distributions, stable reproduc-
tive values for full understory were somewhat interme-
diate with respect to the two other matrices, with repro-
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ductive valuas highest for the large juvenile and large
adult size classes.

3. Population Dynamics Coupled with Forest Canopy
Dynamics
A. Influence of doubling the rate of canopy gap forma-
tion fk}
Under all conditions of seed dispersal rates, doubling
the rate of canopy gap formation had small negative
effect on overall population growth rate [Fig. 6). These
results were a manifestation of an increased proportion
of the landscape occupied by patches in later succes-
sional stages (closing gap conditions), where reproduc-
tive output is substantially decreased, For instance, for
y=0.2, a deubling of k from 0.0086 10 0.0172 nearly
doubled the proportion of each stage class within gaps,
based upon the stable stage x patch-type distribution
(resuits not shown), These results also suggest that,
under current conditions at SERC, papulation growth
rate is slightly lower than the level necessary for mainte-
nance of population size.

1.18

1.9

POPULATION GROWTH RATE

Y T T T
L] .2 0.4 5.3 0.8 1

PROBABILITY OF SEED DISPERSAL (y)

Fig. 6. Population growth rate {i) as a function of long-
distance seed dispersal {y) under two sets of conditions:
Top) two levels of forast disturbance rate {k); Bottom) three
conditions of assumed seed dormancy: OBS =observed dor-
mancy pattern, INC1=dormancy higher in the understory re-
lative to gaps, and INC2 =dormancy higher in gaps relative
to the understory.

B, [Influence of increasing the rate of long-distance
seed dispersal {y}

For both levels of forest disturbance, increasing the
seed dispersal rate increased population growth rate
{Fig. 61. The primary stage class influsnced by increas-
ed long-distance seed dispersal were dormant seeds,
whose presence was increased in understory condi-
tions where survivorship was somewhat enhanced
{Tabla 6).

C. Influence of increased seed dormancy (INCT and
INC2 conditions)

Under all conditions of forest disturbance rates (k) and
long-distance seed dispersal rates (y), increases in the
seed-to-dormant seed transition {m;;) increased popula-
tion growth rate {Fig. 6). This positive effect of en-
hanced dormancy was particularly important when dor-
mancy was made higher in new gap conditions {INC1}.
This effect was the result of an enhanced ability of seed-
lings, which are produced primarily by new gap aduits,
to surviva in new gap conditions where seedling mortali-
ty is higher. This result was associated with a relative in-
crease in seedlings appearing in the understory (Table
6.

Discussion

1. Forest Canopy Dynamics

Our estimate of the rate of treefall gap formation in clos-
ed canopy (k= 0.0086) comparas favorably with previ-
ous estimates for other mature forests, which generally
range from about 1 to 2% per year (Hartshorn, 1978;
Brokaw, 1982; Runkle, 1985; Runkle and Yetter,
1987). Additionally, our modelled estimate of the rela-
tive canopy area in gaps of all stages was close to our
empirical estimate. Thus, it seems that the patch dy-
namics model we employed gives & reasonably ac-
curate picture of treefall gap dynamics at SERC. Hor-
vitz and Schemske (1986) indicated that the relative
effect of assuming an increased number of patch-types
is small when compared with increases in the rate of
treefali gap formation {k). From the perspeactive of an
understory herb, canopy conditions after nine years
regrowth in an average-sized gap are probabily very lit-
tle different from conditions in full understory.

2. Patch-specific Demography

In their criginal formulation of the basic model that we
employed, Horvitz and Schemske (1986} modelled de-
mographic decays in a series of patch-types starting
with the most favorable site (PATCH-1). As such, they
assumed that demographic parameters dacreasa with
succession for all life-history stages, Qur madel differs
from their's primarily because different life history
stages have differant patterns of change such that
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Table 6.

Stable stage % patéh-type distributions under two rates of long-distance seed dispersal {y) and two

patterns of enhanced seed dormancy. GAP=summation of relative frequencies of individuals in
patch-types 1 to 9, UND =relative frequency of individuals in patch-type 10, OBS=observed pat-
tern of dormancy, INC 1 =dormancy higher in gaps, and INC2=dormancy higher in understory.

Stage Class 0BsS INC1 INC2
GAP UND GAP UND GAP UND

1. Proportion of seeds leaving a patch (yl=0
Seeds 0.0284 0.2161 0.0246 0.1914 0.0213 0.1475
Dormant seeds 0.0304 0.2190 0.0490 0.1801 0.0344 0.41086
Seedlings 0.0084 0.0606 0.0107 0.1001 0.0109 0.0529
Small nen-reproductive  0.0260 0.2697 0.0260 0.2872 0.0259 0.1973
Large non-reproductive 0.0050 0.0983 0.0043 0.0895 0.0041 0.0679
Small reproductive 0.0005 0.0019 0.0005 0.0017 0.0004 0.0013
Large reproductive 0.0013 0.0187 0.0011 0.0173 0.0010 0.0134
Dormant plants 0.0008 0.0138 0.0009 0.0153 0.0009 0.0102

W. Proportion of seeds leaving a patch {y)=0.8
Seeds 0.0228 0.1767 0.0178 0.1454 0.0198 0.1345
Dormant seeds 0.0213 0.1544 0.0292 0.1133 0.0274 0.3112
Seediings 0.0127 0.1477 0.0141 0.2194 0.0161 0.1208
Small non-reproductive  0.0235 0.3146 0.0205 0.3295 0.0259 0.2464
Large non-reproductive  0.0038 0.0849 0.0029 0.0726 0.0036 0.0649
Small regroductive 0.0004 0.0017 0.0003 0.0016 0.0004 0.0013
Large reproductive 0.0010 0.0159 0.0008 0.0130 0.0009 0.01217
Dormant plants 0.0009 0.0174 0.0008 0.0180 0.0011 0.0137

growth, survivorship and reproductive parameters are
not necessarily highest in new gaps or lowest in full un-
derstory. For instance, while reproductive outputs
were highest for C. virginianum adults in early succes-
sional stages, seedling survivorship was lowest, Addi-
tionally, plants in closing gaps had the lowest reproduc-
tive outputs while seedling establishment was slightly
enhanced under these conditions. These particuiar pat-
terns may relate to the particular life history of C. virgi-
nianum, or to density-dependent effects; e.g. depress-
ed seedling survivorship at high density in new gaps,
depressed reproductive output of adults at high density
in closing gaps. The suppression of reproductive output
in closing gaps might also result from enhanced repro-
ductive output in new gap conditions which may im-
pose delayed reproductive costs as canopy closure pro-
gresses.

3. Population Dynamics Coupled with Forest Canopy
Dynamics
Under all conditions, doubling the rate of canopy gap
formation had small negative effects on population
growth rate, These results were due to an increased
proportion of the landscape occupied by patches in
later successional stages {closing gap conditions),
where demographic parameters were substantially de-
creased. Regardless of canopy disturbance level,
overall population growth rates remained near 1.0, the

level necessary to maintain population size. These
levels, which ranged from 0.883 to 1.148 were close
to the mean multiplicative growth rate (R} calculated
from field census data for the understory subpopula-
tions 1 and 2 {0.991), and were slightly lower than the
mean A for the gap subpopulation 3 {1.195}. These
results demonstrate the need for integrative ap-
proaches such as matrix modelling to elucidate effects
of canopy dynamics on understory plants. Based solely
upon empirical estimates of A, one might have conclud-
ed that increased rates of canopy disturbance should in-
crease overall population growth rate of this species.

Under all conditions, increased fong-distance seed
dispersal increased population growth rate. This
benefit for long-distance dispersal resulted from the in-
creased presence of seadlings and juveniles in understo-
ry conditions, where survivorship was somewhat en-
hanced. From these results, we predict selection
pressure for long-distance dispersal in C, virginianum.
This conclusion varies somewhat from field obsarva-
tions suggesting that, although potentially dispersed
via epizoochory, most seeds germinate within a
distance equal to the height of the flowering stalk {J.
Q’Neill, pers, obs.]. Sparadic long-distance seed disper-
sal may play a larger role in gene flow and population ge-
rietic structure than it does in influencing population de-
magraphy in this species.

Under all conditions of forest disturbance and long-
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distance seed dispersal, modelled increases in saed dor-
mancy substantially increased population growth rate.
This positive effect of enhanced dormancy was
especially notable under conditions of enhanced dor-
mancy in new gaps. Modelling increases in seed dor-
mancy were the only medifications that resulted in
population growth rates consistently above 1.0. Under
conditions of enhanced dormancy in new gaps, lambda
approximated the empirically-determined mean R
{1.089 across all three subpopulations and vyears).
Under those conditions, 4 ranged from 1.043 to 1.241
depending upon the rate of long-distance seed disper-
sal. This effect was the result of an enhanced ability of
seeds to survive in new gap conditions.

Overall, our modelling approach could be improved
with better data on the relative performance of the
various life history stages in all patch-types leading
toward full canopy conditions. We know of no such
data set for understory herbs such as C. virginianum, or
for any other plant species. Such data are extremely
difficult to obtain because of the constraints imposed
by the sampling regimes necessary to obtain reliable
transition element estimates. To conduct such an analy-
sis, one must identify gaps of known ages and census
individuals of all stages in these gaps over a sufficient
number of years. Qur data preclude stronger conclu-
sions primarily because only one of our subpopulations
was subjected to canopy exposure; changes in transi-
tions that occurred in subpopulation 3 may not have
resulted entirely from changes in canopy conditions.
But because the data were taken from subpopulations
that differed little in initial conditions, the assumption is
not unreasonabla that the reponses seen in subpopula-
tion 3 were caused by the changes brought about by
canopy opening and closurs. Additionaily, the small
sample sizes made it impossible to obtain reliable with-
in-year estimates of transiticn elements, thus we were
farced ta obtain estimates for initial (new gap} and later
{closing gap) conditions based upon combined data
across years. Because patch size and shape can also in-
fluence responses of understory plants (cf., Howe,
1990; Phillips and Shure, 1990; Dirzo, et al., 1992},
one should obtain sufficient samples from treefall gaps
of all ages and sizes, so as to allow more reliable transi-
tion element determination.

With these caveats, the salient result of this study is
that the effects of canopy opening and closure may
have differential non-inear effects upon different life-
history stages. Demographic parameters may not simp-
ly decay over time at different rates and patterns, as in
the model of Horvitz and Schemske (1986), but may
show increases or decreases over the successional se-
quence, depending upon the particular responses to
canopy conditions of particular life-history stages. Bas-
ed upon our analysis, an increase in canopy disturbance
should affect patterns of growth, martality and repro-
duction in such a manner as to slightly decrease popula-

tion growth in C. virginianum. This finding contrasts
with conclusions for all conditions modelled by Horvitz
and Schemske (1988) for the tropical understory herb
Calathea ovandensis and with our resuits for the
temperate-zone shrub Lindera benzoin obtained using
similar modelling approaches (Cipollini et al.. sub-
mitted}. In these |atter two analyses, growth, survivor-
ship and reproduction were all made to decay with
canopy closure; thus, increased canopy disturbance
always increased population growth rate as the number
of patches in gap stages increased. Based upon our
results for C. virginianum, it is clear that field data con-
cerning the effects of canopy opening and closure on all
life history stages will be necessary for improved pre-
dictions concerning responses of understory plants to
forest canopy dynamics.
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APPENDIX 1. The following details concerning the
general model are summarized and modified from Hor-
vitz and Schemske (1986},

1. Forast canopy dynamics

The linear Markovian process of forest succession
following treefall gap formation is represented by the
transition matrix P and the equation:

m fir1=Pxf,

where f is a vector representing the patch-type distribu-
tion. The elements of P, p; represent transition pro-
babilities from type-/ patches to type-/ patches in one
year's time. The probability that a particular patch be-
comes a new treefall gap, py, is described by a logistic
relationship batween the probability of gap formation
and the age of the gap:

2) py=kA1 +kipyy— VeV 11},

where r represents the rate of change of the probability
of gap formation, k represents the probability of gap for-
mation in closed canopy, and p, represents the pro-
bability of new gap formation in new gaps. For any par-
ticular £, the value of r was approximated by trial and er-
ror while setting py, at 0.0001 and p,, ;o at k. We used
the lowest r vielding a p,,, equal to the empirically-deriv-
ed k {to four decimal places). The column eigenvector,
f*, of the matrix P associated with its dominant eigen-
value (1=1.0000) is proportional to the equilibrium dis-
tribution of patch types and upon normalization such
that its elements sum to 1, is termed the stable patch-
type distribution.

2. Plant population dynamics

Assuming 8 stage-classes, the linear dynamics of the
system are represanted by the matrix M and the equa-
tion:

(3} M1 =MXny,

where n is a vector representing the stage-class distri-
bution. The elements of M, m.,, are the probabilities
that an individual in stage class & contributes to or
moves to stage class g in one year's time. The first row
of Mis calculated by considaring the probability that in-
dividuals in each stage class move to reproductive
classes in one year’s time, Lat zg and z; represent the
stage-spacific fertilities of small and large females
{stages 6 and 7, respectively}l, The first row {non-seed)
entries of M, my,, are calculated as follows:

(4) mnp= {{mey X 25) + 1My % 27}

3. Transitions involving seeds
Generally, seed-to-seedling transitions are astimated

from counts of seeds in one year coupled with counts
of seedlings in the subsequent year. As a result of seed
dormancy and our lack of data an seed longevity, we
could not estimate directly transitions involving seeds
and dormant seeds. Some census years had pro-
babilities of seed germination that exceeded 1.0, when
probability of germination was calculated as the num-
her of seedlings per seed produced in the prior year
{Table 3). We therefore assumed that a certain propor-
tion of seeds remained dormant each year. From cen-
sus data across all populations and all years, the seed-
ling-to-seed ratio was 0.277, thus we assumed that the
sum of mga; and mj3z was 0.277. We then assumed that
mortality of newly-produced seeds (Mort,} was zero;
i.e. newly-produced seeds either germinate or go dor-
mant in one year's time. Because mjy;, m32 Morts,
Morts (overall dormant seed mortality} must sum to 1,
we calculated dormant seed mortality:

{5} Morta+mz,=2—-0,277—-0=0.723.

Based upon our census data, a proportion of at least
0.192 seedlings germinated from dormant seeds. That
is, a proportion of 0.192 of seedlings germinated from
seeds that had to be > 1 yr old. These data were based
on the numbers of seedlings appearing in subpopula-
tions 1, 2 and 3 that exceeded the numbers of seeds
produced in those subpopulations in the year prior to
the census (seed dispersal in and out of subpopulations
was assumed to be minimal and equal). In all three
popuiations, germination of dormant seeds was com-
pleted within the course of four years. Assuming a con-
stant germination rate of dormant seeds per year {no
decay in germinaticn until after the 4th year), the dor-
mant seed-to-seedling transition was estimated:

{6) mz;=0.192/4=0.,048.

Assuming that mzs; and m3z sum to 0.277, we estimat-
ed the seed-to-seedling transition:

7) m3=0.277-0,048=0.2289.

Because mz; and mz; must sum to 1, we estimated the
seed-to-dormant seed transition:

{8} ma;=1-0.229=0.771.

And finally, because maz, Mort; and mzz mustsumto 1,
we estimated the dormant sead-to-dormant seed transi-
tion:

(9) mz3=1-0,723—-0.048=0.229,

4. Demographic changes with succession

To madel demographic change for the full range of
patch-types (7=10), we modelled linear changes in
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each transition element from PATCH-1 to PATCH-6,
and frorg PATCH-6 to PATCH-10 matrices. Row 1 of
each new submatrix was created in the same fashion
as row 1 of the PATCH-1 matrix. Assume that zis the
stage-specific fertility of stage class & in patch /.

For & = 2 through 8:

{100 myy=={mgy X zgf)+ mrap % 27)

5. Overall population dynamics
All possible transitions among stages and amang patch
types are contained in an B0 X B0 matrix G, such that:

{11} M3 1= Gy X 1y,

where n represants the stage X patch-type distribution.
The matrix G is comprised of one-hundred 8 x 8 submat-
rices, SUBy;. The elements of G, gy, represent the pro-
bability that an individual in stage class & in patch type /
contributes to or appears as an individual in stage class
& in patch type / after one year's time, The model repre-
senting spatial heterogeneity without successional
change or migration was developed by ordering the ten
8x8 pateh-specific popufation dynamics matrices
along the diagonal of G, beginning with the PATCH-1
matrix in the upper left corner (SUB,,=the PATCH-1
model, SUBy;=the PATCH-2 modsl, ... SUBgg=the
PATCH-9 medsl). Initially, other entriss in G were
Zeros.,

To include successional processes, the cne-hundred
8 x 8 submatrices (SUBy) of G were altered using the
following formula for calculating new SUBT); matrices:

(12) SUBTi]=SUBijp,)-

The patch dynamics transition parameters, py {Table 1)
determine the probabilities that patch types will change
before the next census, while the timing of gap forma-
tion determines if individuals in patch type j at time ¢
undergo the demographic transitions of patch typej for
most of the year or if they undergo the demographic
transitions of patch type / for most of the year. Equa-
tion 12 uses the latter assumption.

6. Long distance seed dispersal

We defined y as the proportion of seeds that move out
of patch type j, and assumed that the probability of a
dispersed seed reaching patch-type / depends only
upon the relative frequency of that patch-type in the en-
vironment, f*;, where f* is the stable patch-type distri-
bution. The new matrix of overall population dynamics,
D. is composed of one-hundred 8x 8 submatrices,
SUBD;;, defined in terms of the SUBTy's of the model
without seed dispersal. SUBD;;=SUBT; in all entries ex-
cept for dazy; entries;

{(13) ary=garg—ly X gargl +lyx¥*)

7. Seed dormancy

We linearly increased the my; parameter in each of the
10 patch-types from the observed value for the
PATCH-1 parameter to twice that level in the PATCH-
10 matrix {seed dormancy higher in new gap condi-
tions; INC1). We modelled the opposite pattern by in-
creasing mz; lineariy from its PATCH-10 value to twice
that level in the PATCH-1 matrix (seed dormancy
higher in understory conditions; INC2).
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