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Effects of feedbacks and seed rain on ecotone patterns
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Abstract

Ecotones can be abrupt changes in vegetation on gradual abiotic gradients, such as some treelines, and so
have been considered as potential indicators of response to climatic change and regulators of fluxes across
landscapes. Factors of positive feedback for growth and establishment and seed rain from source areas have
been suggested as playing a role in such patterns and dynamics. The effects of variation in feedback strength
and seed rain on the abrupt pattern have not, however, been assessed. A spatially explicit computer simulation
is used to represent an ecotone as might occur at a mountain treeline. The steepness of the abiotic gradient
determines the general location of the treeline, while the strength of feedback determines how abrupt it is.
Increased seed rain and seedling survival modify the dominant patterns by creating patches of krummbholiz or
small seedings. The feedbacks are spatially autocorrelated and so create waves of mortality and regeneration
on the simulated slopes comparable to dynamics observed on some mountains. These dynamics may mean
that the pattern at the ecotone at any point in time is ephemeral and may respond differently to environmental

change.

Introduction

Central to interest in landscapes are ecotones (Riss-
er 1995), and they are areas of productive current
research (e.g., Kupfer and Malanson 1993, Milne et
al. 1996) linking landscape ecology with a long tra-
dition in plant community ecology (Clements
1905). Four characteristics of ecotones give them
value for ecological research: as indicators of
response of plant species to environmental gradi-
ents; as a locus for species diversity dependent on
immigration (i.e., sinks); as indicators of climatic
change; and as regulators of the spatial flux of
species, matter and energy. This research will
address aspects of the first two of these characteris-
tics, but with implications for the latter two. The
purpose of this work is to use a spatially explicit
simulation to investigate factors leading to abrupt
ecotones and the role of spatial population process-
es at these ecotones. The focus will be on treelines,
and alpine treelines provide a background for this
study (e.g., Slatyer and Noble 1992, Brown 1994),

Abrupt ecotones

As abrupt transitions, ecotones seemingly refute
the paradigm of a continuum of vegetation change
along an environmental gradient (¢f. Austin and
Smith 1989). Sharp boundaries would not necessar-
ily refute the concept where there is a discontinuity
in the environmental gradient itself, such as where
disturbance creates a boundary, but in some case
gradual abiotic environmental gradients have
abrupt vegetational boundaries (van der Maarel
1990). The interpretation of such a pattern depends
on the scale of examination (Gosz and Sharpe
1989). The local scale, where reproduction, growth
and death of individual plants makes a difference in
the pattern, is the focus of this work.

Treeline is often a case of a locally abrupt eco-
tone. Abrupt treelines at a local scale have been
observed where trees border wetlands, grasslands,
and tundra. Stevens and Fox (1991) concluded that
treeline was largely a phenomenon expressing the
carbon balance of trees, so that trees ended where
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their carbon balance was zero. This balance alone
would not, however, explain an abrupt treeline on a
gradual abiotic gradient. Wilson and Agnew (1992)
detailed the possibility that positive feedback in the
biological processes within one or both plant com-
munities could account for an abrupt ecotone. In
these cases the plants modify the environment that
they experience so that a continuous abiotic gradi-
ent becomes discontinuous in terms of the potential
carbon balance. The processes that might lead to a
positive feedback include microclimate, e.g., albe-
do and temperature in canopy and soil (e.g., Bonan
1992, Chalita and Le Treut 1994) or effects on
wind and thus on snow (Cairns 1994) or physical
effects such as resistance to erosion (e.g., Zonne-
veld 1995). These feedbacks compound the effects
of competition and other processes affecting tree-
line position and pattern (Armand 1992, Malanson
and Butler 1994). In addition to abrupt ecotones,
positive feedback may be responsible for other spa-
tial dependencies, such as ribbon forests or migra-
tion of krummholz patches (c¢f. Billings 1969,
Benedict 1984).

The abrupt ecotone may also depend on estab-
lishment and a difference between seedling and
adult survivorship; it is generally thought that trees
are competitively superior on a resource gradient,
but this assumption may oversimplify the relative
competitive ability of the nonarboreal species,
especially versus tree seedlings (Malanson and
Butler 1994). Rare seedling survival can then pro-
duce the positive feedback. Although the possibili-
ty of a positive feedback for regeneration and
growth is obvious, the pattern that might be pro-
duced for a feedback of a given strength has not
been investigated.

Yamamura (1976) modeled abrupt boundaries
for species based on the Volterra equations, but
only for a single dimension. Noble (1993) modeled
the response of a treeline to climatic change, where
the climatic change is hypothesized to act as
response to disturbance. In his model trees have a
tendency to invade a grassland along a gradual abi-
otic gradient wuntil their physiological limit is
reached, but fires further restrict the treeline. In the
primary model the advance is only by contagion. A
positive feedback is included at a landscape scale
by incorporating the observations of Hardt and For-
man (1989) that concave boundaries advance faster
than do convex ones. The treeline becomes

smoother when this feedback is strengthened.
Feedback from ecotone shape reduces the variabili-
ty of response to simulated climatic change. Noble
(1993) concluded that similar treelines affected by
disturbance could be useful for monitoring climatic
change only if the potential rate of advance was on
the order of a canopy width every 5 yr.

Landscape sinks

Ecotones, because they may contain elements of
different types of vegetation in the same area, can
have greater diversity in their local area. Stevens
(1992) suggested that on aititudinal as well as lati-
tudinal gradients ecotones are likely to be species
rich. He additionally noted that these areas may
depend on the immigration of propagules to main-
tain populations because they are, by definition, at
the margin of species ranges. If ecotones are de-
pendent on immigration from populations closer to
the median position of the species on the environ-
mental gradient, then they represent sinks on the
landscape (¢f. Pulliam 1988).

At Arctic and alpine treelines few if any trees
produce seeds (Tranquillini 1979). Reproduction at
these sites must depend on the seed rain from trees
in more amenable environments; even so, seedling
mortality may be exceptionally high, and tree
seedling establishment in tundra is rare (Weisberg
and Baker 1995). In a modification of his model,
Noble (1993) included the possibility that individ-
val trees could establish by dispersal rather than
direct contagion with extant trees. Dispersal in-
creased the rate of advancement, but also increased
the variability of the treeline so that again the noise
was greater than the potential signal of response to
climatic change. Increased seed rain from a larger,
nearby source relative to a smaller or more distant
source, could influence the pattern as well as the
diversity of treeline. Seed rain from a nearby
sources is essentially another form of positive feed-
back (Green 1990).

Rationale
A variety of patterns have been observed at treeline

ecotones. Walsh er al. (1992) noted that forms at
treeline in Glacier National Park, Montana, are spa-
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Fig. 1. Treeline pattern takes several forms, common among them are: a, straight lines; b, interdigitation with tundra; and ¢, scattered
patches; in Glacier National Park, Montana.
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tially variable, and attributed the variation to topo-
graphically controlled abiotic heterogeneity; Allen
and Walsh (1996) quantified this relation. Other
than sites controlled by disturbance (e.g., Walsh et
al. 1994) the main forms of treeline are abrupt
straight lines, interdigitating upslope extensions,
and isolated patches (Fig. la,b,c). A question that
arises is: How much pattern can be due to auto-
genic processes versus abiotic spatial heterogene-
ity? Two-dimensional pattern may develop even on
a homogeneous plane or a plane with a one-dimen-
sional gradient due to autogenic processes (e.g.,
Wilson and Nisbet 1995).

In this research, the positive feedback hypothe-
sis, seed rain, and the steepness of the environmen-
tal gradient are examined as potential controls on
the pattern of treeline, and the pattern of abundance
along the environmental gradient is the focus. Hus-
ton (1992) argued that individual-based simula-
tions, specifically the JABOWA-FORET model,
are well suited to examining plant competition the-
ory as well as applied ecological questions. Shugart
et al. (1988), Huston and Smith (1987), and Smith
and Huston (1989) have similarly used a simulation
model to examine the responses of species along
environmental gradients. B. Milne (on World Wide
Web, 9 November 1995: http://algodones.unm.edu/
~bmilne/homepage.html) is currently using such a
model to examine a pinyon-juniper/grassland eco-
tone.

Methods

A spatially explicit version of the JABOWA-
FORET model (Botkin et al. 1972, Shugart and
West 1977; ¢f. Hanson et al. 1990, Malanson et al.
1996), which has been used by researchers to
examine the dynamics of forest stands in many
contexts (Botkin 1993), allows the desired. tests. I
used an extreme simplification of the simulation as
the principle vehicle for conducting simulation
runs. The model includes the competition and pop-
ulation dynamics found in many forests; the funda-
mental growth equation is:
D= {GD[1-(DH/D_, H )]} *

max’ ~max

(274+3b,D-4b,D*)! * flenvironment),

where Gi is an empirical constant that determines
when a tree of a species grows most; D is the diam-
eter, H is the height, b, and b, are empirical con-
stants that relate height and diameter for a species.
In this work I used values to represent a single tree
species, Abies lasiocarpa: shade tolerant, G = 160,
D,, =80, H_ . = 1600, b, = 52, b; = .45, but the
emphasis is on generality, not this species or its
ecotonal responses. D is reduced by shading, so
that:

[=D * 1.32 * (1—e251 *AL-07),

where I is the increment in dbh and AL is available
light after the shading of taller trees is accounted
(using the equation for intermediate shade toler-
ance from Bonan 1992). Instead of the flenviron-
ment) being a site quality based on multiplicative
relations between variables such as temperature,
available moisture, soil depth, and/or soil nitrogen,
I set specific gradients of site quality on the grid as
initial conditions and compared the results for dif-
ferent gradients, among other factors. The original
model represented a single 10 X 10 m stand of
trees. I used a 50 x 80 grid of cells representing
500 x 800 m continuous plane of potential forest. I
considered using a wider grid or a wrap-around
cylinder to eliminate edge effects (Haefner et al.
1991), but a limited grid actually represents a
mountain slope. The rows are homogeneous in
order to simulate a single gradient. I simulated dis-
persal across the grid while varying four major
parameters: the length and shape of the gradient of
site quality; dispersal probability, which determines
the seed rain; seedling mortality; and the strength
of the positive feedback that tree occupancy of a
site has on site quality.

Environmental gradient

The environmental gradient of site quality [flenvi-
ronment)] varies from 0.0 to 1.0. I set the gradients
as abrupt, short, and long (Fig. 2). The abrupt gra-
dient linearly crosses the range from 0.0 to 1.0 in
10 rows of the grid. Two longer gradients span up
to 75 rows and are set so that the site quality is O in
rows 1 to 5 and then increases according to the
function

SQ = (.0071*row)?,
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0 0 0
a b c
Row Row Row
80 80 80
0 Site Quality 1.0 0 Site Quality 1.0 0 Site Quality 1.0

Fig. 2. Gradients of Site Quality used as initial conditions: a) abrupt; b) moderate; ¢) gradual.

where a is either 2 or 3, but with the site quality of
row 80 always set at 1.0. Variability is added: in
any given year a row has a 1/3 chance of having
the site quality of plus or minus one row. By using
a simple gradient, the effects of autogenic process-
es on spatial pattern can be assessed.

Seed rain

Dispersal is modeled not for individual seeds but
for the probability of dispersal for the species from
one cell to another. An annual seed source on each
cell depends on a seed crop probability of 1 in 3
years and site quality, which must be greater than a
random number O to 1. Seed rain from occupied
cells to other cells depends on a negative algebraic
decay:

p=d7%

where p is dispersal probability for distance d, in
number of 10 m cells. I set a lower limit for proba-
bility of .001 (¢f- Malanson and Armstrong 1996).
Portnoy and Willson (1993) found that the tail of
this distribution more commonly matches the tail
of seed dispersal by plants. Thus the seed rain
depends on the distance to and number of cells that
are potential sources; cells at treeline, where the
site quality is at .0025, will produce seeds 1 in
1,200 years. While any cell is within the possible
range of any other, most seed rain is from nearby
cells and so is another spatially dependent positive

feedback. I ran simulations with —a set from among
-.95, -1.1 and -1.5; these values produce annual
migration rates of c. 500, 200, and 100 m yr!,
which compare well with ranges of Holocene
migration represented by isopols (Malanson and
Cairns 1996). No restriction for light or shade is
used for establishment. While seed rain does not
depend on the abundance of trees at a source site,
only on presence or absence, the value would be
highly correlated because abundance is a function
of site quality.

Seedling survival

Mortality is modeled in two ways: inherent risk of
death and competition-induced death (Botkin
1993). Competition-induced mortality is a function
of slow growth; if a tree diameter grows more
slowly than .1 cm per year, then it has the relatively
high annual probability of death of 0.368 (Botkin
1993, p. 93). While this minimum level of growth
is a simplification, it does incorporate effects of
both competition and site conditions. Although this
procedure is based on limited studies and may not
apply precisely to a specific species at treeline, it is
the differences simulated that should be revealing.
In addition to this means of mortality I added a
function in which every seedling less than 5 years
of age has an annual probability of death of .368;
thus the probability of survival to age 5 is .368>.
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Fig. 3. Gray scale for the following figures showing relative
abundance calculated from basal area.

Positive feedback

The site quality of a given cell is increased if a
neighboring cell is occupied. I increased site quali-
ty as a function of neighbor basal area:

Q =d*S*B/5000,

where S is feedback strength, B is basal area in
cm?, and d is 1 for cells sharing a side or .707 (dif-
ference in center to center distance) for cells shar-
ing only a corner. I used feedback strength values
of 0, 0.1 and 0.5. At 0.1 and .5 a surrounded cell
could possibly have its sitc quality increased by .7
or up to the upper limit of 1.0 used for any cell,
respectively.

Analyses

Information from the simulations is analyzed visu-
ally on plots of relative basal area on the 50x80
grid (Fig. 3). Basal area is the variable of choice
because the model computes diameters of individ-
ual trees and all other possible variables, such as
biomass, would be direct functions of basal area. It

is to be expected that seed rain provides the oppor-
tunity for feedback to operate, increasing survivor-
ship and growth, and thus affecting the pattern
observed. The individual cffects are revealed by
comparing the simulations to that with the most
gradual nonlinear gradient, moderate dispersal pro-
bability (a=1.1), no extra scedling mortality, and
moderate positive feedback strength (s=.1) as a
standard.

Results

Gradient length, seed rain, seedling mortality, and
fecdback strength can all have an influence on an
ecotone; some morc strongly influence pattern
while others affect absolute position relative to site
quality.

Gradient length

For an abrupt linear gradient there is an abrupt
switch from high basal area forest to two rows of
low basal area ecotonal trees to no trees (Fig. 4a).
The pattern becomes more interesting when the
longer, nonlincar gradients arc examined (Fig.
4b,c). The effects of the difference in nonlinearity
are slight, but affect just where on the slope the
ecotone is found. In general the actual cxtreme
position of the ccotone on the slope (in the simula-
tions the top row occupicd in even one cell) is
where the site quality reaches .0025. In both cases
the gradient is less abrupt, but the patterns seen are
generally to have scattered patches of small
seedlings and krummbholz and then a fairly abrupt
transition to trees (greater basal area). The nature
of the transition varies with seed rain and feedback
strength.

Seed rain

With differences in seed rain the abruptness of the
ecotone is generally similar, but the position of the
treeline on the slope changes (Fig. 5). With highest
seed rain small scedlings extend slightly farther
upslope (one row in the simulation; Fig. 5c) than
with moderate sced rain (Fig. 5b), which in turn
has small seedlings and krummholz moderately



Fig. 4. Pattern of abundance along the gradients for the a) abrupt; b) moderate; ¢) gradual gradients; seed rain and feedback are moder-
ate, scedling mortality low.

Fig. 5. Pattern of abundance for the three levels of seed rain: a) low, b) moderate, ¢) high; gradient and fecedback are moderate, seedling
mortality is low.

farther upslope (three rows in the simulation) than cy to rows with site quality of .0062 or greater — all
with low seed rain (Fig. 5a). Higher seed rain in prior to feedback. With more detail at the ecotonc
both instances extends occupancy from the row itself, it appears that a higher seed rain contributes
with site quality of .0025 to the row with site quali- to greater variability in the abundance at each

ty of .0018, while lower sced rain reduces occupan- occupied site as well as more occupied sites.
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Fig. 7. Pattern of abundance for the three levels of positive feedback: a) low, b) moderate, ¢) high; gradient and seed rain are moderate,

seedling mortality is low.

Seedling mortality

Increased seedling mortality has little or no effect
on the ecotone pattern when seed rain and feedback

strength are at moderate levels (Fig. 6). The likely
explanation is that seedling establishment is so rare
in any case at treeline that additional mortality is
not expressed in the pattern.
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Fig. 8 Pattern of abundance at 50 yr intervals from year 600 to 1000; gradient, seed rain, and feedback are moderate, seedling mortality
is low.
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Feedback strength

A slight difference between high and low levels of
feedback is evident, but both of these cases contrast
strongly with the case of no feedback (Fig. 7).
Weak feedback produces a pattern with a scattering
of seedlings and krummholz (a gradual increase in
basal area) across several rows before an abrupt
transition (Fig. 7b). With a strong feedback, the
transition is more abrupt and the area of larger trees
is slightly higher on the slope (Fig. 7c). With no
feedback, however, the transition is very gradual
(Fig. 7a).

Dynamics

In some of the cases referred to above, a secondary
area of low basal area occurs somewhere on the
slope below the ecotone (e.g., Figs. 4-7). The rea-
son for such a result is only seen when one exam-
ines the pattern through time. When the results are
displayed at a 50 yr interval, this low is seen as a
wave that moves up the slope and crashes on the
shoals of the ecotone; i.e., the low values can be
traced through time as moving from the base of the
slope toward the ecotone (Fig. 8). An effect at the
ecotone is rare, but may be significant (e.g., Fig. §,
year 750).

Discussion

Recent research in ecology has shown that auto-
genic processes can create spatially heterogeneous
patterns on a homogeneous plane or a simple cline
(Wilson and Nisbet 1995). Here, the ecotone is
often abrupt even when the underlying environ-
mental gradient is not. The positive feedback
switch (sensu Wilson and Agnew 1992) is a major
factor determining this abrupt change. Seed rain,
another positive feedback, also affects the pattern
at the ecotone, but only by modifying the occupan-
cy of the marginal sites, not in altering the shape of
the abrupt change. At least two treeline patterns can
develop due to autogenic processes versus abiotic
spatial heterogeneity: a straight abrupt treeline and
isolated patches. Upslope interdigitation of trees
and tundra (Fig. 1b) probably has some degree of
control by slope shape. The relations between pro-
cess and pattern seen here can be examined in more

detail by simulating for more specific slope condi-
tions and comparing the results to pattern observed
through remote sensing (e.g., Walsh er al. 1992,
Allen and Walsh 1996).

Only in the case of no positive feedback do the
simulations show evidence for the sigmoid wave
pattern observed by Timoney et al. (1993) at Arctic
treeline. At Arctic treeline the environmental gradi-
ent may be much more gradual than that represent-
ed here; the seed rain may be much lower, and
there is certainly environmental variability at any
latitude, whereas the rows are homogeneous in the
simulations. As such, the simulations may more
closely resemble a small section of alpine treeline
on a mountain slope. Transverse pattern still is evi-
dent at the ecotone, but there is not a clear sigmoid
wave because the transition from area with scat-
tered patches of seedlings or small krummbholz to a
continuous cover of krummbholz and trees is so sud-
den. The beginning of a miniature sigmoid wave
may be evident in those scattered patches, however.
The nature of the boundary may also be affected by
competition (Malanson and Butler 1994), not
addressed in this single-species model.

The simulation reveals that dispersal can be a
critical part of the occupancy of potential habitats.
Greater seed rain expands the habitat upslope and it
increases the density and biomass in the seedling
and krummbholz patches uppermost on the slope.
Additionally, the simulation reveals that patches at
the edge of habitability are in fact sinks dependent
on immigration. In these rows, where tree and non-
tree vegetation are mixed, are areas of higher diver-
sity, that are not self sustaining: without a seed
rain, the area would be devoid of trees, not an area
of higher diversity.

The dynamics represented in the model pose
problems of interpretation. The possibility of the
phenomenon is real: a number of studies in Japan
have addressed a similar pattern in forests dominat-
ed by Abies spp. (e.g., Gomi et al. 1956, cited by
Sato and Iwasa 1993; ¢f. Foster 1988, for New
Hampshire, USA). Usually this is seen as spatially
autocorrelated disturbance, where death of trees
leads to susceptibility of neighbors to wind and ice
damage. In this study, disturbance are not spatially
autocorrelated, so the first part of the explanation
lies in the way that mortality is simulated. Individ-
ual trees die as a function of their age, size, and
current growth. Self-thinning occurs stochastically



through the possible lifespan of trees, but mature
trees in any one row are then likely to reach a simi-
lar size at a similar age with the same site quality
determining current growth, and so tend to die at
the same time; trees in nearby rows will be similar-
ly affected, but those in rows with higher site quali-
ty will not die as regularly because they grow bet-
ter while those in rows of lower site quality will
not die as regularly because they are smaller. This
mortality is revealed in the simulations with no
feedback, when the drop in abundance appears in
one location, and the phenomenon of a traveling
wave of mortality is not seen. The wave is a prod-
uct of the spatial dependence of site quality of a
cell on its neighbors. As mortality occurs on a row,
the neighboring cells suffer a decrease in site quali-
ty because the positive feedbacks of shading and
reduced wind are less. The wave tends to move
upslope (from rows of higher initial site quality to
rows with less) because the eftect is greater where
the positive feedback is a greater proportion of the
total site quality. Where other models have pro-
duced this wave phenomenon by including specific
disturbances (e.g., Sato and Iwasa 1993), this simu-
lation produces the same result by including the
inverse, a positive feedback in reproduction and
growth.

These simulated treeline dynamics are thus
dependent to a degree on a relatively even age
structure at any given elevation. In simulations
extended to 2000 years, the even age structure is
maintained with feedback in the waves of mortali-
ty, but without feedback it is lost'and a more grad-
ual gradient wihthout concentrations of mortality is
maintained. A consequence for the dynamics and
functions at treeline is that interpreting the pattern
at any one place and time for an actual treeline
(e.g., the 20th century stability reported by Butler
et al. 1994) may be too short a view to understand
where in the wave the dynamics actually are. Ex-
tensive areas of recently (<100 yr) dead trees and
krummbholz may be observed in some treeline loca-
tions, but this mortality cannot be definitively
attributed to autogenic processes. Thus the poten-
tial for ecotones to act as indicators of climatic
change may be compromised by spatially autocor-
related population dynamics as well as the prob-
lems indicated by Neilson (1993), Noble (1993),
and Woodward (1993). The potential for the posi-
tive feedback to create sudden phase changes with
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climatic change (suggested by B. Milne, pers.
comm.; ¢f. Milne et al. 1996) may not be dramatic,
but it may also depend on the existing spatial
dynamics. Also, seedling mortality could possibly
play a larger role in a changing climate because
seedling establishment is necessary for upslope
movement. How ecotones affect the flux of energy,
matter, or species across the landscape may also be
affected, because these fluxes depend on ecotone
structure. Defining a specific temporal scale may
be as important as spatial scale in ecotone research.
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