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Abstract. Three common associates on secondary-successional pine sites (Andropogon
virginicus, Liquidambar styraciflua, and Pinus taeda) were established in a field study in
which a wide array of plant densities and species proportions were established using an
additive series design. To mimic a specific competitive scenario (i.e., a managed early-
successional Pinus stand), Andropogon and Liquidambar were established a year prior to
the establishment of Pinus. Competitive effect (the attenuation of resources) and competitive
response (the growth of each species as a function of resource availability) were determined.

Effect on soil water varied among species, depth of soil, and time. In the surface soil,
soil water was largely influenced through non-uptake effects, while uptake effects were
predominant in deeper portions of the solum. When competitor abundance was expressed
on an aboveground biomass basis, rather than a density basis, species differences in effects
on soil water were eliminated. Differences among the species in effects on soil water per
unit leaf area or leaf biomass appear to be largely explained by differences in stomatal
conductance. Predawn leaf-water potential was integrated over the season using a water-
stress integral. Analysis of the water-stress integral suggested that Liquidambar and An-
dropogon both affected water available to Pinus; however, only Ligquidambar affected
Andropogon, and only Andropogon affected seasonal water available to Liguidambar. Light
was most strongly influenced by Liguidambar density; however, as Andropogon density
increased, the effects of Liquidambar were reduced.

Andropogon response was correlated with light but not with water stress or leaf nitrogen.
This reflects high light requirements and high water use efficiency of C, plants. Liguidambar
response was related to water stress and leaf nitrogen, perhaps reflecting the greater nitrogen
requirements of hardwoods. Pinus response was significantly related to all three resources
individually, i.e., water stress, light, and leaf nitrogen. Pinus response was better explained
by a regression model that included light and water stress than by water stress or light
alone. Pinus growth as a function of water stress and light indicated that communities
dominated by Liquidambar largely reduced Pinus growth through reduction in light, while
communities dominated by Andropogon reduced Pinus growth primarily by increasing water
stress. In mixed communities of Liguidambar and Andropogon, pine growth was constrained
more equally by light and water stress.

Key words: Andropogon virginicus; competitive effect; competitive response; Liquidambar styr-
aciflua; mechanisms of competition; multiple resource limitation; Pinus taeda; plant competition; tem-
poral resource heterogeneity.

INTRODUCTION

The nature of plant—plant interactions is diverse, with
the potential net outcome of these interactions ranging
from positive to negative (Goldberg 1990). Since plants
are sedentary and require similar resources, plant—plant
interactions are often competitive. Despite the amount
of effort that has been expended in the study of plant
competition, the mechanisms that account for compet-
itive interactions in field environments are poorly un-
derstood (Goldberg and Barton 1992, Casper and Jack-
son 1997), in part because of the lack of attention paid
to measuring both effects of competitors on resource
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pools and responses of focal species in field environ-
ments {(Goldberg 1990, Shainsky and Radosevich 1992,
Gordon and Rice 1993, Mitchell et al. 1993, Burton
and Bazzaz 1995).

Competitive interaction among plants can be viewed
as a two-part process: competitive effect and compet-
itive response (Goldberg and Fleetwood 1987, Miller
and Werner 1987, Goldberg 1990, Mitchell et al. 1993,
Mou et al. 1993, Burton and Bazzaz 1995). In the con-
text of exploitation competition, competitive effect of
plants can be mechanistically defined as the influence
of plants in a neighborhood on resource availability,
while response can be viewed as the relationship be-
tween the amount of a resource available to a plant and
some component of fitness, such as growth, survival,

857



858

and/or reproductive output (Goldberg 1990). Thus, for
plant competition to occur, both the effects and re-
sponses must be significant and of proper direction.

The common resource requirements of plants have
been suggested to result in an equivalence among plants
with respect to competitive effects (Goldberg and Wer-
ner 1983, Goldberg 1987). Those studies that have in-
vestigated size-related competitive effects have con-
centrated for the most part on the ability to suppress;
rarely have field experiments been conducted in which
the effect on resources as a function of plant abundance
(i.e., density, biomass, leaf area) is quantified. Char-
acteristics other than size may determine the compet-
itive abilities of species. Differences in phenology,
morphology, and physiology that may result in a greater
ability to reduce a limiting resource, or in increased
efficiency in using resources to produce dry matter,
enhance survival and/or reproduction (Pickett and Baz-
zaz 1976, Tilman 1982, 1988, Caldwell et al. 1985,
Kuppers 1985, Richards and Caldwell 1987, Gordon
and Rice 1993, Tremmel and Bazzaz 1993). These dif-
ferences may affect the ability to acquire resources,
and thus influence competitive effect; however, we hy-
pothesize that physiological differences among species
will have only minor effects on resource use when size
considerations are removed, but will strongly influence
species-specific response components.

Upland loblolly pine (Pinus taeda L.) communities
are extensive in the Southeast, and are among the most
intensively managed ecosystems in North America (Vi-
tousek and Matson 1985). Management typically re-
sults in removal of the overstory every 15-30 years,
resulting in early-successional communities comprised
of herbaceous plants, hardwood sprouts, and pine seed-
lings. For the most part, pine seedlings are planted into
a community of established hardwood sprouts and a
variety of herbaceous plants. This differential timing
in establishment results in the possibility for asym-
metry of competition to develop due to the occupation
of space by well-established vegetation (Casper and
Jackson 1997, McConnaughay and Bazzaz 1991) and
the potential pre-emption of soil resources (Wilson and
Tilman 1995). Although asymmetry due to the direc-
tional nature of light has been demonstrated for above-
ground competition, the degree to which asymmetry
occurs in belowground competition is less well under-
stood (Casper and Jackson 1997). In the context of
these upland pine communities in the southeast United
States, we focus on two questions: (1) Does competitive
effect on resource pools differ among commonly as-
sociated species in early-successional sites, and are
these differences species dependent or simply size re-
lated? (2) Do species that commonly occupy the same
site at the same stage in succession respond similarly
to a limiting resource for that site, or do they differ in
their response component?
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METHODS
Study site and experimental design

The study site was located on an area of ~2 ha at
Auburn University’s E. V. Smith Research Center, ~50
km southwest of Auburn, Alabama, in the Coastal Plain
physiographic region. The soils are classified in the
Compass series (coarse-loamy, silicaceous, thermic
Plinthic Paleudults), and are representative of upland
loblolly pine sites located in the Upper Coastal Plain
of the southeastern United States. The study was es-
tablished as a complete 4 X 4 X 3 factorial arrangement
of Pinus taeda, Liquidambar styraciflua, and Andro-
pogon virginicus. Pinus and Liguidambar were each
planted at densities of 0, 1, 2, and 4 plants/m?, and
Andropogon at a density of 0, 4, and 16 plants/m?, for
a total of 48 treatments. These three species were se-
lected because they are frequent associates in early
succession on cutover forest sites planted to Pinus tae-
da in the Southeast (Miller et al. 1995), and because
competition has been shown to be an important deter-
minant of stand development and ecosystem function
in these species (Britt et al. 1991, Miller et al. 1991,
Wood et al. 1992). The additive series design (Cousens
1991) used here provides an array of different densities
and proportions of the three species, as suggested by
Firbank and Watkinson (1990). The densities of plants
selected in this study encompass the range of those
previously observed on Coastal Plain sites after over-
story removal (Miller et al. 1987, 1991). Each treat-
ment (combination of species and density) occurred
once per block in a randomized complete block design
with four blocks. Blocks were placed across the study
site based on subtle differences in surface slope and
drainage patterns.

Treatment plots were ~4.9 X 9.0 m (Fig. 1). Plant
layout was accomplished by dividing the treatment plot
into 44 subplots measuring 81.6 X 122.5 c¢m, an area
of 1 m? Within each subplot there were 24 potential
planting locations, 4 rows of 6 locations each, with
20.4 cm spacing between locations. Within each sub-
plot, the location of the appropriate number of plants
of each species was randomly assigned. At the greatest
density (i.e., 4 Pinus, 4 Liquidambar, and 16 Andro-
pogon per square meter), all planting positions were
occupied. This approach overcame difficulties inherent
in systematic positioning of plants. Interior areas within
each treatment plot were designated for nondestructive
measurements (i.e., plant dimensional measurements,
soil water, light, plant water potential, and stomatal
conductance) and plant harvest (Fig. 1). Treatment
plots were spaced 1 m apart in order to provide access
to individual plots with minimal plant disturbance and
to provde a buffer between treatments.

On forested sites that are cutover and reforested to
southern pines, Liguidambar regeneration after distur-
bance is primarily from sprouts rather than seedlings,
and herbaceous plants are often established betfore
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Fig. 1. Diagram of treatment plot showing sample areas
(shaded) and subplot diagram showing potential locations of
plants. Each of the 48 treatments was replicated four times
in a randomized complete block design.

pines are planted to or invade a site. To mimic this
specific competitive situation, seedlings of Liquidam-
bar and rooted tillers of Andropogon were established
a year prior to planting of Pinus. Liquidambar seed-
lings were grown from seed (local source) for one year
in a forest tree nursery and planted in December 1988.
Liquidambar seedling stems averaged from 6.0 to 8.0
mm in basal diameter and 30 to 45 cm in height at the
time of planting. Andropogon rooted tillers (<2 g total
dry mass, ~3—4 cm in height) were excavated from an
area adjacent to the study site as they initiated new
shoot growth (February—March 1989) and were im-
mediately planted. Both species were allowed to es-
tablish themselves throughout the 1989 growing season
and then were severed near the ground line in Decem-
ber 1989 (this is similar to site preparation before plant-
ing of pines). At the end of the 1989 growing season,
Andropogon survival exceeded 95% on three of the
blocks and was greater than 90% on the remaining
block. Liquidambar survival exceeded 99% throughout
the study. Both species sprouted and grew vigorously
during the 1990 growing season (Perry et al. 1993,
1994). Pinus seedlings were grown from seed (from a
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commercial genetic source typically planted on these
sites) for one growing season in a forest tree nursery
and planted in February 1990. Pinus seedlings aver-
aged 5 mm in basal diameter and 20 cm in height at
the time of planting. This scenario may have resulted
in placing Pinus seedlings in an inferior asymmetric
competitive position, but it is representative of the
competitive situation in these early-successional man-
aged communities.

Data collection

Plant dimensional measurements and survival counts
were made on eight interior subplots in each treatment
plot during early July and early September 1990 (Fig.
1). Eight plants of each species, one randomly selected
from each of the eight interior subplots, were chosen
for collection of nondestructive dimensional measure-
ments. All species were measured for height and crown
diameter. In addition, basal diameter of Andropogon
clumps and Pinus stems were recorded in order to pro-
vide better estimates of plant biomass from nondestruc-
tive measurements. At each date, three individuals of
each species were randomly selected from designated
subplots within each treatment plot (Fig. 1) for destruc-
tive harvest. Dimensional measurements on these de-
structive samples allowed for development of species
and treatment-specific biomass equations (n = 12)
based on nondestructive dimensional attributes. The
equations were then used to estimate individual plant
biomass of the eight nondestructively sampled plants
and to compute mean plant biomass for each species
in each treatment plot. Foliage from destructively sam-
pled plants was composited by species within each
treatment plot and foliar nitrogen determined using a
CHN analyzer (LECO Corporation, St. Joseph, Mich-
igan).

Soil water and predawn plant water potential mea-
surements were measured every two weeks from early
May through September 1990. Volumetric soil water
content was estimated at a single point within each
treatment plot (upper nondestructive measurement
area, Fig. 1) using a Soil Moisture Equipment Corp.
(Santa Barbara, California) Trase Unit (time domain
reflectometry; Topp et al. 1980). Soil water was de-
termined at four depths: 0-14, 14-30, 30-60, and 60—
90 cm. Predawn xylem water potential of each species
was assessed the morning following each soil water
measurement using the pressure chamber method
(Scholander et al. 1965). Three plants of each species
were randomly chosen from the interior of each treat-
ment plot. Water stress integral (WSI) was calculated
as described by Myers (1988):

i=t
WSI = Z| Wi — C)Nl
i=0
where W, is the mean predawn water potential for
any interval (i, i + 1), C is the maximum predawn
water potential measured for the entire study period,
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and N is the number of days contained within the time
interval.

Light was quantified within each treatment plot using
a LI-COR quantum line sensor (LI-COR, Lincoln, Ne-
braska) averaging photosynthetically active radiation
(PAR) across a 1-m length. These measurements were
conducted between 1100 and 1300 solar time from 13
to 23 June 1990. Two 2-m transects were sampled at
various heights in each treatment plot, one transect
along the center of the long axis of each nondestructive
measurement area (Fig. 1). Photon flux was measured
starting at the ground line and proceeding upward in
25-cm increments to 1 m or until the height exceeded
the tallest individual in the plot by at least 25 cm. Thus
transects ran under, over, through, and between crowns
of plants. Light at each sampled height was expressed
as percentage of that above the plant canopy. An es-
timate of light at three-fourths the plant height of each
species in a treatment plot was made by interpolating
light values between the sample heights above and be-
low three-fourths of the mean measured plant height
for the species.

Stomatal conductance (g,) was measured once each
month from June through September 1990 using a LI-
COR 1600 steady-state porometer. Due to the need to
concentrate diurnal measurements within a short time
period, a subset of treatments was measured. These
treatments represented a factorial arrangement of Pinus
and Liquidambar at 0 and 2 plants/m?, and Andropogon
at 0, 4, and 16 plants/m? Three individuals per treat-
ment per block were measured at three times through-
out the day (0900, 1200, and 1400 solar time). Due to
the number of measurements, each block was sampled
on a separate day. The order in which treatments were
sampled with each block was randomized indepen-
dently for each time period. Predawn and diurnal leaf-
water potential of the same individuals were measured
on the same days as stomatal conductance.

Data analysis

Effects on resources and response to resources as
discussed by Goldberg (1990) were approached by first
examining the effects of species density on resources
using ANOVA and ANCOVA appropriate for a fac-
torial treatment structure in a randomized complete
block design (SAS Institute 1989). The treatment effect
was partitioned into main effects of density of each
species and two- and three-way interactions among spe-
cies densities. Responses to resources were examined
via correlation and regression analysis of relationships
of aboveground biomass and indexes of resource avail-
ability. Soil water content and diurnal stomatal con-
ductance data were each analyzed including date and
depth (soil water) and hour of day (stomatal conduc-
tance) in the analysis as repeated factors as described
by Moser et al. (1990) and Littell et al. (1991). Sig-
nificant tests of sphericity (P = 0.01), indicating dif-
fering error variances across dates and soil depths, ne-
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cessitated the use of multivariate repeated-measures
ANOVA (Moser et al. 1990, Littell et al. 1991) in the
analysis of soil water content (using date and depth as
repeated measures). Diurnal stomatal conductance data
was analyzed separately for each species by date using
univariate ANOVA (using hour of day as repeated fac-
tor) because the test for sphericity was nonsignificant.
Graphical presentation of ANOVA results are generally
limited to significant main effects of species density,
unless interactions were significant.

Comparisons of the relative effects of each species
on soil water content in early July and light at the
ground level in mid-June were examined as a function
of density, aboveground biomass, foliage biomass, and
leaf area in early July from monospecific plots and
tested using ANCOVA. Although the relationship be-
tween effects and plant abundance may be curvilinear
and asymptotic as abundance values approach zero
(Miller and Werner 1987, Goldberg and Scheiner
1993), our data did not suggest such a relationship, and
so a linear model with a common intercept was used.
Tests of species by abundance (biomass, density, etc.)
interaction were done by tests of inequality of slopes
by species, and thus tested the per-individual, per-unit
aboveground biomass, per-unit foliage biomass, and
per-unit leaf area effects on soil water for each species.

Competitive responses (aboveground biomass) as a
function of light, water, and nitrogen were examined
for each plant species using simple correlation coef-
ficients. In addition, response of Pinus to both light
and water was examined by transforming values of each
resource variable such that they were linearly related
to Pinus response and by regressing Pinus response as
a function of both transformed variables. Other species
showed little to no improvement in the amount of vari-
ation of competitive response that was explained when
response was regressed as a function of multiple re-
sources.

ResuLTs
Competitive effects on resources

Competitive effects on soil water content were com-
plex (Fig. 2), with the exception that Pinus density was
not noted to have a significant effect nor to interact
with date, soil depth, and/or density of other species
(P > 0.20 for all tests). Effects of density of Andro-
pogon and Liquidambar were dependent on date, soil
depth, and density of each other (i.e., significant two-
way interactions between each species density and date
or depth and three-way interactions among Andropo-
gon, Liquidambar, and density or depth, all P < 0.01).
Averaged across all dates and soil depths, Liquidambar
density strongly influenced soil moisture (F,5; = 13.93,
P < 0.001).

The effect of Andropogon density on surface soil
(0-14 cm) water was either neutral or positive. Positive
effects were observed intermittently throughout the
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F1G. 2. Soil water content (mean across all densities of Pinus taeda * 1 Sg, n = 9) at four depths over time by planting
density (no. plants/m?) of Liguidambar styraciflua (Ls) and/or Andropogon virginicus (Av). Significant rain events are noted

by diamonds along upper x-axis in middle graph at each depth.

growing season (11 and 25 May, 19 July, and 22 Au-
gust) after significant precipitation events (Fig. 2, upper
panel of 0-14 cm depth). After drought periods (.e.,
3 July, 9 August), effects of Andropogon density on
surface soil water were not significant. At the 14-30

Measurements were made in 1990.

cm depth, effect of Andropogon density on soil water
was either positive or negative depending on time since
rain. After a precipitation event, soil water increased
dramatically at 4 and 16 Andropogon plants/m? (11
May, 19 July, and 22 August) relative to no Andro-
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pogon (Fig. 2, upper panel of 14-30 cm depth). The
rate of decline in soil water in the time periods between
rainfall increased with Andropogon density (early June
to early July, mid-July to early August). Below the 30
cm depth, soil water decreased as Andropogon density
increased, and the general decline in soil water through-
out the growing season tended to be less dynamically
influenced by precipitation events (i.e., a gradual de-
cline from high soil water at the beginning of the grow-
ing season to lower soil water with time). Liquidambar
density effects on soil moisture followed similar pat-
terns (Fig. 2, middle panels at each soil depth); how-
ever, the positive influences of Liguidambar density
after precipitation events at the soil surface were less
pronounced than those observed for Andropogon, and
the negative effects of Liquidambar density were great-
er with increasing soil depth.

The interaction between Liquidambar and Andro-
pogon in effects on soil water was particularly evident
during drought periods (Fig. 3). On 2 July, the inter-
action between Ligquidambar and Andropogon densities
in effects on soil water was significant (F,5;, = 5.23,
P < 0.0001). Effects of Liquidambar were dependent
upon soil depth (Fges = 7.28, P < 0.0001). Effects of
Liquidambar and Andropogon on soil water content
were absent in the surface soil layer (Fig. 3) where the
surface soil was uniformly dry. At greater soil depths,
soil water decreased with increasing Liquidambar den-
sity in the absence of Andropogon, but the reduction
was not as strong at high Andropogon density. Effects
of Andropogon density were also negative below the
14 cm depth, but only when Liquidambar was absent
(Fig. 3).

Soil water content (0—60 cm, 2 July) in monospecific
plots generally decreased with increasing plant abun-
dance, whether expressed as density, aboveground bio-

mass, foliage biomass, or leaf area (Fig. 4). Rates of
decline in soil water content differed by species for the
variables of increasing density, foliage biomass, and
leaf area, but not for aboveground biomass (Table 1,
Fig. 4). Liquidambar effects per plant and per unit fo-
liage biomass and leaf area on soil water were greater
than those for Pinus or Andropogon (per plant, F, z =
12.43, P = 0.0004; per unit foliage biomass, F, ;3 =
4.07, P = 0.0348; per unit leaf area, F, ; = 6.61, P
= 0.0070).

Seasonally integrated measures of predawn water
stress (WSI) varied among species, and were influenced
by density of associate competitor species (Fig. 5). Pi-
nus experienced greater water stress (more negative
values for WSI) throughout the season followed by
Andropogon and lastly Liquidambar. WSI values for
Pinus were negatively affected by both Andropogon
(F, 34 = 6.59, P = 0.0038) and Liquidambar (F, 3, =
8.92, P = 0.0008) in a linear relationship with density
(Fig. 5 A, D). Values of WSI for Andropogon also
decreased linearly (F,,, = 8.46, P = 0.0064) with in-
creasing Liquidambar density (Fig. 5C). Effects of An-
dropogon density on WSI of Liquidambar were sig-
nificant (F,,, = 4.72, P = 0.0155); however, WSI of
Liquidambar decreased from 0 to 4 Andropogon/m?,
but did not change from 4 to 16 Andropogon/m? (Fig.
5B).

Competitive effects on light received by a species at
three-fourths total height was dependent upon species
density and combinations of species as given by sig-
nificant main effects and interactions of species den-
sities (Table 2). Associate competitor species influ-
enced light available to an individual through direct
influences (attenuation) on light availability and po-
tentially through reducing height growth of the focal
plant and thus its position in the canopy (Fig. 6). Light
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reaching the Pinus canopy was strongly reduced by
Liquidambar density, with the effect lessening at higher
Andropogon density (Table 2, Fig. 7 A, B). Andropogon
effects on light available to Pinus were influenced by
Ligquidambar density. In the absence of Liquidambar,
Andropogon at 16 plants/m? decreased light available
to Pinus, however, at 4 Liguidambar plants/m?, light
available to Pinus was greatest at 16 Andropogon
plants/m?. Light reaching Liquidambar crowns was
most strongly affected by Andropogon (Fig. 7C-E).
High Andropogon density strongly reduced the devel-

100

200
Foliage Biomass (g/m?)

300

2 3 4 5 6

Leaf Area (m?/m?)

opment of Liquidambar crown height (Fig. 6) and
width, and thus increasing light was observed at three-
fourths total height of Liquidambar at greater Andro-
pogon densities. Effects of associate species and den-
sities on light available to Andropogon were similar to
those noted for Pinus (Table 2, Fig. 7 F-H), due in part

to their similarity in height (Fig. 6).

Light reaching the soil surface in monospecific
stands decreased with increasing plant density, above-
ground biomass, foliage biomass, and leaf area (Fig.
8). Species-specific differences in rates of decline were

TaBLE 1. Analysis of effects of species identity and various measures of competition on soil water content at mid-season

(0-60 cm depth, 2 July) in monospecific treatments.

Factor df sS MS F P

Block 2 23.26 11.63 4.08 0.0346
Density 1 37.20 37.20 13.04 0.0020
Density X Species 2 70.88 35.44 12.43 0.0004
Error 18 51.33 2.85

Block 2 23.26 11.63 3.41 0.0555
Aboveground biomass 1 92.55 92.55 27.13 0.0001
Aboveground biomass X Species 2 5.45 2.73 0.80 0.4651
Error 18 61.41 3.41

Block 2 23.26 11.63 3.51 0.0516
Foliage biomass 1 72.83 72.83 21.99 0.0002
Foliage biomass X Species 2 26.96 13.48 4.07 0.0348
Error 18 59.62 3.31

Block 2 23.26 11.63 3.40 0.0558
Leaf area 1 52.66 52.66 15.40 0.0010
Leaf area X Species 2 45.20 22.60 6.61 0.0070
Error 18 61.54 3.42
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virginicus and (D) Pinus taeda by density of Liguidambar styraciflua (mean across all dates and densities of Pinus raeda

and Andropogon virginicus * 1 sg, n = 180).

noted for density, foliage biomass, and leaf area, but
not for aboveground biomass (Table 3, Fig. 8).

Leaf N concentration of Pinus was marginally af-
fected by Liquidambar density (F,5 = 2.49, P
0.0934; Fig. 9A). Liguidambar foliar N declined lin-
early with increasing Andropogon density (F, 5, = 4.19,
P = 0.0460; Fig. 9B) and declined or remained constant
across densities of Pinus depending upon its own den-

TaBLE 2. Analysis of relative light (percentage of above-
canopy light) to Pinus taeda, Liquidambar styracifiua, and
Andropogon virginicus at three-fourths plant height in mid-
June, as influenced by densities of each species.

Source’ df MS F P

Pinus taeda
Block 2 492.3 390 0.0300
A 2 245.4 1.94 0.1590
L 2 6825.6 54.01 0.0001
A XL 4 755.7 598 0.0009
P 1 241.3 1.91 0.1761
A XP 2 453.6 3.59 0.0385
LXP 2 85.9 0.68 0.5136
AXLXP 4 221.9 1.76  0.1606
Error 34 126.4

Liquidambar styraciflua
Block 2 136.8 476 0.0151
A 2 175.7 6.11 0.0054
L 1 196.2 6.82 0.0133
A XL 2 110.1 3.83 0.0316
P 2 9.7 0.34 0.7162
AXP 4 104.0 3.62 0.0147
LXP 2 148.3 5.16 0.0111
AXLXP 4 60.4 2.10 0.1024
Error 34 28.8

Andropogon virginicus
Block 2 492.5 5.20 0.0107
A 1 484.1 5.11 0.0304
L 2 4071.7 4295 0.0001
A XL 2 601.5 6.35 0.0046
P 2 2.5 0.03 0.9743
AXP 2 47.8 0.50 0.6086
LXP 4 130.5 1.38  0.2627
AXLXP 4 389.5 4,10 0.0081
Error 34 94.8

T A = Andropogon virginicus, L. = Liquidambar styraciflua,
P = Pinus taeda.

sity (F,s0 = 2.85, P = 0.0674; Fig. 9C). Andropogon
foliar N was dependent upon density of itself and Lig-
uidambar (F 5, = 473, P = 0.0371 for Andropogon
main effect; F, 3, = 2.79, P = 0.0765 for interaction
of Liquidambar and Andropogon). Foliar N of Andro-
pogon at 4 plants/m? decreased with increasing density
of Liquidambar. At 16 plants/m?, foliar N of Andro-
pogon was constant from O to 2 Liguidambar plants/
m? and increased from 2 to 4 Liguidambar plants/m?.

Stomatal conductance values varied by species, date,
time of day, density, and species of competitors (Figs.
10, 11). In general, Liguidambar tended to have the
greatest stomatal conductance, Andropogon was inter-
mediate, and Pinus had the least (Fig. 10). This ranking
in stomatal conductance corresponds to ranking of each
species in per-unit-foliage-area effects on soil water
noted in early July (Fig. 4). At each sample date, sto-
matal conductance for a given species differed by time
of day (P < 0.001 for all tests) with no interaction
between time of day and species density (P > 0.25 for
all tests). Stomatal conductance of Pinus in June and
August (Fig. 11 A, D) decreased linearly with increas-
ing density of Andropogon (June, F,;, = 7.29, P =
0.0223; August, F,,, = 7.00, P = 0.0245) and Liquid-
ambar (June, F o = 13.12, P = 0.0047; August, F, ,,
= 8.30, P = 0.0164). Liquidambar (F,,, = 5.69, P =
0.0223; Fig. 11B) and Andropogon (F,;, = 531, P =
0.0371,; Fig. 11D) stomatal conductance also decreased
with increasing Andropogon density in August. In ad-
dition, Andropogon stomatal conductance decreased
with increasing Liguidambar density in huly (F, ,, =
6.94, P = 0.0337) and August (F,,, = 4.21, P
0.0594; Fig. 11E).

Relationship between effects on resources and
responses

Aboveground biomass response of Pinus was sig-
nificantly correlated with water-stress integral (WSI),
light (relative light received), and leaf N concentration,
while response of Liquidambar was correlated to WSI
and leaf N (Fig. 12). Andropogon response was only
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correlated with light. Sixty-eight percent of the vari-
ation in response of Pinus could be explained by the
regression model using both light and WSI as inde-
pendent variables (Fig. 12), with approximately 54 and
50% explained by the transformed variables of light
and WSI singularly.

The model was used to generate a contour plot of
Pinus biomass response with respect to WSI and light
and then overlain with mean values for WSI and light
for each treatment (denoted by density of Liquidambar
and Andropogon only, since Pinus did not significantly
affect either WSI or light). This graph demonstrates
the interplay of both light and water on response and
gives insight as to the relative effects of associate com-
petitor composition on light and water stress (Fig. 13).
Similar biomass response of Pinus may result across a
range of water stress or light availability as one factor
decreases and the other increases (and vice versa), with
the range in effects on resources increasing as both

No. Liquidambar styracifiua/m?

become more limiting (and biomass decreases). Lig-
uidambar alone had very strong effects on light and
slightly lesser effects on water available to Pinus (0-
00 to 2-00 and 4-00, Fig. 13), whereas the effects of
Andropogon alone (0-00 to 0-04 and 0-16) were pri-
marily on water. The effect of adding Liquidambar to
Andropogon alone at low density (0-04 to 2-04 to 4-
04) was to increase water stress and strongly decrease
light, whereas adding Liquidambar to high densities of
Andropogon (0-16 to 2-16 to 4-16) had less of an effect
on light and water stress (Fig. 13).

DISCUSSION

Resource preemption may be an important mecha-
nism in early-successional managed Pinus communi-
ties, and can result in strong asymmetry in competition.
Differences in the magnitude of competitive effects
between our report and the findings of the full study
of Morris et al. (1993) may be explained by the manner

Pinus taeda Liquidambar Andropogon
styraciflua virginicus
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in which plants were established. In the study reported
here, Liquidambar and Andropogon were established
the year before Pinus, while Morris et al. (1993) plant-
ed seedlings of each species at the same time. Thus,
in the field in which competitors are established earlier
than Pinus taeda, greater reductions in growth occur
than if they are established simultaneously. Once dif-
ferences in resource acquisition rates are established,
plants that can acquire greater resources grow more
rapidly and suppress the growth of plants less able to
initially access resources. Thus, a positive feedback

5

Leaf Area (m¥m?)

between growth and resource capture tends to magnify
differences in competition (Weiner 1986, 1990).
Asymmetry in competition may be accentuated when
resource supply is directional, as in competition for
light. Plants that grow taller will shade plants lower in
stature, but shorter plants have lesser or no impact on
light reaching taller plants (Weiner 1986). Soil water
availability can also have directional properties. In
many, but not all communities, soil water availability
deeper in the profile is greater than at the surface ho-
rizons during periods of drought. Thus, deeper rooted

TaBLE 3. Analysis of effects of species identity and various measures of competition on

relative light (percentage of above-canopy 1
monospecific treatments.

ight) at 0 cm (ground level) in mid-June in

Factor df SS MS F P

Block 2 433.4 216.7 0.85 0.4419
Density 1 3033.1 3033.1 11.97 0.0019
Density X Species 2 4062.5 2031.2 8.01 0.0032
Error 18 4562.5 253.5

Block 2 707.9 353.9 7.84 0.0036
Aboveground biomass 1 2068.1 2068.1 45.79 0.0001
Aboveground biomass X Species 2 66.2 33.1 0.73 0.4944
Error 18 813.0 45.2

Block 2 675.8 337.9 8.05 0.0032
Foliage biomass 1 2435.6 2435.6 58.06 0.0001
Foliage biomass X Species 2 1899.8 949.9 22.64 0.0001
Error 18 755.1 42.0

Block 2 674.6 337.3 8.55 0.0025
Leaf area 1 10319 1031.9 26.15 0.0001
Leaf area X Species 2 3851.2 1925.6 48.81 0.0001
Error 18 710.2 39.5
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species could function in ways analogous to tall plants
in competition for light. For example, deeply rooted
plants (such as Liquidambar sprouts) may reduce soil
water in the rooting zone of more shallow-rooted spe-
cies (establishing Pinus seedlings), but the latter spe-
cies would not affect the soil water available to deeply
rooted neighbors. In this way, asymmetry in both
above- and belowground resources can develop.
Goldberg (1990) predicts that traits related to species
success in competitive environments depend on the size

of itself (Av) and Ligquidambar styraciflua (Ls) (means across

structure of the competing populations. If target indi-
viduals are small relative to their neighbors, they are
unlikely to significantly reduce resources to neighbors,
thus their ability to suppress neighbors should be re-
duced. This is likely to create greater neighbor effects
on target species. This appears to have been the case
with Liquidambar and Andropogon, established prior
to Pinus in this study.

Effects on resources varied among species, but in
complex ways. Liquidambar and Andropogon signifi-
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cantly affected soil moisture, but their effects depended
on the time of the measurement and the depth of the
soil that was measured. After a rain, soil water in-
creased in the surface horizons with increasing com-
petitor density. This non-uptake effect of competitor
abundance on soil moisture has been previously re-
ported (Gill and Marks 1991, Mitchell et al. 1993), and
has been attributed either to reduced evaporation or to
greater rates of infiltration, or both. However, at no
time in this study did increasing competitor density
decrease water stress of any of the three species. De
Steven (19914, b) showed that the presence of neighbor
plants facilitated the establishment of Pinus taeda im-
mediately after germination, but that strong competi-
tive effects were apparent on seedling growth. Thus,
non-uptake effects on soil water at the surface may not
affect the water relations of Pinus seedlings after the
critical establishment period.

Uptake effects on soil water were also present, but
again they varied with the time of measurement and
the depth. During droughts the surface soil was uni-
formly dry regardless of competitor type or density.
However, at subsurface soil layers both density and
species of competitors influenced soil water availabil-
ity. Effects on soil water were consistent among species
on the basis of aboveground biomass. Furthermore, soil
water differences among species as a function of leaf
biomass and leaf area appear to be related to differences
among species in stomatal conductance: Liquidambar
had the greatest stomatal conductance and the greatest
slope of leaf area and soil water, while Pinus had the
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least. In addition, the dynamics of soil water throughout
the year varied with depth. In the deeper portions of
the soil, increasing competitor density of either An-
dropogon or Liquidambar decreased soil water, and this
effect was more pronounced with time. In contrast, soil
layers closer to the surface (0—14, 14-30 cm) were
more dynamic, responding to rainfall events as well as
competitor density. Since sympatric species often differ
considerably in rooting depth (Burton and Bazzaz
1995, Burch et al. 1997), relating these complex pat-
terns in competitive effects to responses can be prob-
lematic (Mitchell et al. 1993).

Fahey and Young (1984) suggest that predawn water
potential of individuals represents soil moisture avail-
ability integrated across the root zone of individuals.
However, relating competitive effects to responses re-
quires not only that the vertical heterogeneity in soil
moisture be integrated (as was done by measuring pre-
dawn water potential) but also that variation through
time also be incorporated into the effects measure.
Schultze et al. (1980a) and Linder et al. (1987) cal-
culated a parameter termed ‘‘deficit time”’ that repre-
sented the accumulated predawn water potential mea-
sured every two weeks throughout a growing season.
They showed that this parameter was strongly related
to maximum net photosynthesis, and also to net pho-
tosynthesis per day (Schultze 1980qa, b) and Pinus nee-
dle length. Since both development of leaf area (Britt
et al 1990, 1991) and photosynthetic rates (Burton and
Bazazz 1995) have been reported to be related to com-
petitive response, the accumulation of water potential
may be a better index of competitive effect than mea-
surement of plant water status at any particular date.
Myers (1988) and Myers and Landsberg (1989) used
a similar approach, the water-stress integral, which ap-
proximates the area bound by the least stress encoun-
tered by an individual in the experiment and the pattern
of predawn water potential measured throughout the
growing season. They found that a water-stress integral
successfully related long-term water deficits to growth
of Pinus radiata and Eucalyptus.

Using a water-stress-integral approach, Pinus taeda
was demonstrated to be significantly affected by both
Liquidambar and Andropogon, Liquidambar to be af-
fected by Andropogon, and Andropogon to be affected
by Liguidambar. The presence of interspecific com-
petitive effects and the absence of intraspecific com-
petitive effects between Liguidambar and Andropogon
are worthy of note. Questions related to the intensity
of intra- versus interspecific competition in plant com-
munities have been the subject of debate (see reviews
by Goldberg and Barton 1992, Shipley and Keddy
1994). With respect to competitive effects on water, the
greater intensity of interspecific competition on soil
moisture was perhaps due to complex interactions
among species determining net competitive effects.
Liquidambar consistently was less water stressed than
the other species, most likely due to the deep-rooted
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nature of sprouts, as noted by Burch et al. (1997). Com-
petition from Andropogon reduced aboveground
growth, and may have reduced belowground growth in
ways that reduced access to deeper, more plentiful sup-
plies of water. Thus, Andropogon may have indirectly
affected the level of stress experienced by Liguidam-
bar. On the other hand, Liquidambar (due to its large
development of leaf area and its high stomatal con-
ductance) most likely reduced soil moisture in the root-
ing zone of Andropogon. Much greater emphasis on
documenting belowground architectural development
of roots and understanding root function will be re-
quired to gain a greater mechanistic understanding of
belowground responses of plants to competition.

Competitive effects on light were dominated by Lig-
uidambar. Liquidambar was the tallest of the three life-
forms in this study, primarily due to its establishment
a year prior to Pinus and the rapid growth of sprouts.
At midday in our study, Pinus seedlings only received
60% of incoming radiation at the same Liguidambar
density. Liquidambar also strongly affected light reach-
ing Andropogon. However, an interaction between Lig-
uidambar and Andropogon density on light availability
was observed. This was most likely due to indirect
affects of Andropogon reducing the size of Liquid-
ambar crowns, and thus reducing the effect of Liquid-
ambar at high densities of Andropogon. Tremmel and
Bazazz (1993) indicate that local crowding can strongly
influence the architecture of crowns of annuals and
influence competitive outcomes. This study suggests
that changes in crown structure can be affected by in-
creased density of plants of low stature, thus affecting
the acquisition of light.

Competitive effects on N, as measured by foliar N
levels of the species, tended to show that N effects
were less apparent than were those of either light or
water. Morris et al. (1993) showed moderate effects of
competitive neighborhoods on foliar N concentration
of Pinus, comparable in range to those reported in this
study. In addition, they fertilized with N and with NPK
fertilizers, but showed no Pinus response. These reports
are consistent with earlier reports by Carter et al. (1984)
that showed no foliar N response of pine to manipu-
lation of sweetgum and broomsedge in neighborhoods
of established Pinus taeda seedlings, and that of Nam-
biar and Zed (1980), which reported that Pinus radiata
response to competition control was more strongly re-
lated to water stress than N availability (as measured
by foliar N content). Collectively, these findings sug-
gest that early-successional Pinus communities are
more often limited by light and soil water than by N.

Competitive responses to resources differed among
the three species included in this study. Pinus seedlings
showed a significant relationship between growth and
light, WSI, and foliar N. Liquidambar response was
significantly correlated to leaf N and WSI, while An-
dropogon growth was only correlated with light. Com-
petitive response appears to be a reflection of physi-
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ological responses of species to their environment and
the ability to acquire resources. Liquidambar and An-
dropogon had the advantage of root establishment on
site before Pinus seedlings were planted. This allowed
for greater rates of resource acquisition early in the
growing season, and these differences were accentuated
through time (Perry et al. 1993). In addition, Pinus was
the only target species to be related to all three re-
sources. This may be due to the fact that plants of low
stature have more access to resources in low-intensity
competitive environments (low density of small plants)
compared to high-intensity competitive environments
(greater density of larger plants).

In the few studies that have attempted to relate com-
petitive effect on resources to response (Goldberg
1990, Gordon and Rice 1993, Mitchell et al. 1993,
Burton and Bazzaz 1995), response was correlated to
a single resource. However, if plants are not optimal
foragers for both above- and belowground resources,
multiple limitations to plant growth can occur (Ras-
tetter and Shaver 1992, Canham et al. 1996). We at-
tempted to empirically analyze the effects and response
component of competition to light and water stress for
Pinus taeda. Nearly 70% of the variation in Pinus re-
sponse could be explained by a multiple regression
model of light and water stress, whereas ~50% of the
variation in pine growth could be explained by light
or water stress (WSI) alone. Plotting isopleths of Pinus
growth as a function of both WSI and light and over-
laying composition of plots at their mean WSI and light
values indicated that communities dominated by Lig-
uidambar had the greatest effect on Pinus growth
through reduction in light, while pure Andropogon
communities reduced Pinus growth by increasing Pinus
water stress; in mixed communities Pinus growth was
constrained more equally by both light and water stress.

Liquidambar, the tallest of the three species included
in this study, only responded to N and water stress.
Deciduous plants often have leaves with higher N re-
quirements and respond more robustly to nutrient avail-
ability than do evergreen plants (Chapin 1980). An-
dropogon, a C, bunchgrass, is able to reduce water-
loss rates (i.e., low stomatal conductance), but maintain
high photosynthetic rates, culminating in greater water-
use efficiency due to its photosynthetic pathway (Baz-
zaz 1979). Thus, it is not unexpected that Andropogon
was the least sensitive species to moisture limitations
on the site. In addition, Andropogon’s competitive abil-
ity has been reported to be reduced by fertilization;
thus, it appears to be adapted to low nutrient conditions.
However, most C, grasses are only photosaturated at
radiance levels close to full sunlight, thus the signifi-
cant response of Andropogon to light is consistent with
the physiological nature of this species.

In summary, species-specific competitive effects on
resources were strong when density was used as an
abundance measure, but few differences among species
were noted in resource attenuation as a function of
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aboveground biomass. Species-specific effects on wa-
ter appeared to be largely related to differences in sto-
matal conductance. The response component of com-
petition differed among the three species tested. Pinus
showed a significant response to light, water stress, and
foliar nitrogen. Soil water and light collectively ex-
plained a greater percentage of variation in pine re-
sponse than either alone. When Pinus was grown in
Liquidambar communities, response was greatest to
light, while Pinus grown with Andropogon responded
mostly to competition for soil water. When grown in
mixtures, Pinus response was regulated by multiple
resource limitations. In contrast, Andropogon response
was correlated only with light, reflecting the higher
light requirements and greater water use efficiency of
C, plants. Liquidambar response was related to water
stress and leaf nitrogen, perhaps reflecting the greater
nitrogen requirements of hardwoods. This work sug-
gests that competitive effects and responses can be used
in field environments to understand mechanisms reg-
ulating plant—plant interactions if spatial and temporal
heterogeneity of resources are accounted for and mul-
tiple resource limitations are examined.
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