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RESOURCE COMPETITION 
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Resource limitation experiments. A major element of this project involved greenhouse 
experiments on seedlings of three common tree species (Acer rubrum, Liquidambar styracifua, 
Pinus taeda)using shading, quantitative watering, and nutrient additions, with cores of field- 
collected soil from the southeast Texas intensive study sites. The goal was to evaluate an 
important assumption of resource competition theory, that resource limitation is likely. Light 
was most limiting for floodplain forest conditions, soil resources were most limiting for dry 
upland conditions, and both soil resources and light were important for intermediate 
conditions. This pattern of reciprocal limitation by above-ground and below-ground resources 
in extreme habitats and joint limitation in intermediate habitats was consistent with requirements 
of the theory. These results are in press (Knox, Harcombe & Elsik 1995; see Appendix 5). 

Resource competition modeling. We explored modifications of ALLOCATE necessary to 
represent tree growth, and found that a fundamental adjustment in model assumptions, the 
redefinition of allocation categories to include separate biomass loss rates and functions (see 
Appendix 6). Some of the information gained as a result of these investigations was 
incorporated into a paper by Friend, Stevens, Knox & Cannel1 (submitted). 

Parameterization of resources competition models. AS a consequence of an extensive literature 
search and the results of our greenhouse experiments, we have identified an important area for 
further empirical research, namely photosynthetic response to phosphorus supply. Qualitative 
responses of loblolly pine to soil phosphorus have been documented, but data sufficient for 
constructing quantitative response curves do not exist. Even qualitative experimental results are 
lacking for other important species. (Appendix Q. 

A part of this project involved partial support of a long-term field monitoring of woody 
plant demography and forest change. These data will be especially valuable in expanding the 
ALLOCATE model by replacing simple population loss rates with cohort-specific loss rates, a 
step which our model development work to date has shown to be important for reasonable 
model function. These data were most recently used two theses (Hall 1993, Bill 1995) which 
are now being prepared for publication. 
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APPENDIX 1: EMPIRTCAL MODELING 
R.G. Knox 

Scaled Rank Variance 

The absence of rigorous methods for characterizing the expected sampling stability of a 

correspondence analysis representation of vegetation data was a barrier to application of empirical 

gradient models across scales. Work by b o x  and Peet (1989) established the basis for using a 

computer-intensive resampling technique, called the bootstrap (see Efron & Tibshirani 1986), to 

assess the variability of the species ordering produced by correspondence analysis (CA) or 

detrended correspondence analysis (DCA). Building on this we used a wide range of simulated 

data to establish criteria for retaining (and interpreting) or discarding CA and DCA "axes" of 

species loadings after examining their bootstrap scaled rank variance (SRV). 

The estimated numbers of tree-sized individuals in 53 large sample plots from southeastern 

Texas (see Marks & Harcombe 1981) were transformed to comparable variance among species and 

approximate normality, and then analyzed with DCA. The first four DCA axes define a projection 

of 44  common species onto a 4-dimensional space (Figure 1). Random sampling with replacement 

from the sample plots produced another 100 bootstrap replicate solutions. When bootstrap DCA 

axes were plotted against DCA axes for the same species (Figure 2), an overall geometric 

instability in the CA method was apparent. This is consistent with the pattern of instability in 

sample plot loadings shown by Knox and Peet (1989). (A computer program, BOOTDCA, to 

perform this analysis is being distributed to those who request it.) 

Procrustes analysis (Schoneman & Carroll 1970) was used to reconcile the inconsistent 

overall geometry. Means were subtracted, all axes were scaled so that a uniform distribution of 

loadings on the first axis would produce unit variance, and then sets of bootstrap DCA axes were 

rotated to minimize squared deviations from an overall DCA solution. The resulting bootstrap first 

. and second axes appeared relatively consistent (Figure 3). (A program for Procrustes rotation of 

species loadings, REMAPRO, is also available for distribution.) 

To characterize the instability of particular axes, species common enough to be present in 

all 100 of 100 bootstrap replicate analyses were assigned ranks along each rotated bootstrap axis. 
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Then the variance in rank was computed for each species, and divided by the expected variation in 

an equal sized set of random ranks (see Knox & Peet 1989). After examining the distribution of 

these values among species (for example see Figure 4), we determined that the median would 

better identify structure in field data than a mean of species values, 

A null distribution for the median scaled rank variance (SRV) of species abundance data 

without gradients or patterns of common response was then required. Critical quantiles (e.g. 50% 

or 95%) could then be used to distinguish axes summarizing gradients from axes consisting of 

sampling noise or singular patterns. Four types of null data were produced with the vegetation 

simulation program COMPAS (see Minchin 1987). Marked contrasts were apparent between the 

DCA eigenvalues from matrices of uniform random numbers and more realistic sparse matrices of 

uniform, Gaussian or log randomly distributed non-zero values (Figure 5). The differences among 

SRV values for different null models were much less, although they did suggest that the axes 

would not have equal null expectations following Procrustes rotation (Figure’@. 

Two classes of null models were chosen for detailed simulation of gradient-free species 

abundance data. These were used to construct approximate confidence limits for a null SRV and to 

model the residual dependency of SRV on the number of species included. Species in first series of 

500 simulated data sets had average abundance values drawn from a log uniform (log random) 

distribution. Actual non-zero abundance values for a species were then drawn from a uniform 

distribution bounded by zero and centered on the average value. Each species was also assigned an 

average probability of presence drawn from a log uniform distribution, with an upper bound of 0.9 

(or 0.8 for 100 or more simulated species). The lower bound was gradually decreased from 0.25 

for 10 species sets to 0.025 for simulations with more than 100 species, to mimic greater 

uncertainty of sampling in more species rich data sets. This sort of large inequality of average 

abundances and variances is commonly found in field samples of species abundances (see 

Whittaker 1975). Average presence values were not set so low as to generate large numbers of 

species too rare to appear in most bootstrap replicates. A wider range of average value was also 

used for more species-rich datasets. This reflects the expectation that more species-rich datasets are 
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Regional Analysis of Tree Species Distributions in the Big Thicket National Preserve, TX 
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collected with larger sample plots or aggregations of plots and can thus include a wider range of 

measured abundances. 

Simulated species in the second series of 500 simulated data sets had average abundances 

drawn from a uniform distribution, with actual values drawn from a normal distribution centered 

on the average. The lower bound of the uniform distribution was 1.0 for all numbers of species, 

while the upper bound was increased from 4.0 to 6.0, over a range from 10 to 350 simulated 

species. This series simulated data that were originally distributed more unevenly but had been 

transformed to approximate normality and equal variance, or were originally collected on 

transformed scale (e. g. the Braun-Blanquet scale). Average presence probabilities were set as 

above. Together the two series span the conditions an ecologist who measures abundance values is 

likely to encounter--from extreme inequality of means and variances to comparable means and 

equal variances. The case of binary (0,l) strict presence/absence matrices was not investigated. 

Although for some numbers of species, SRV values for the two series were not completely 

coincident (Figure 7), the similarity in their distribution (and see Figure 6) and our inability to 

predict which of these cases would more closely characterize a particular future application led us 

to pool the 1000 simulations. Lower confidence bounds at 90 and 95 percentiles were estimated for 

each cluster of data sets with the same number of simulated species (Figure 8). Asymptotic 

functions of species number were selected to leave no detectable trends in the residuals (Figure 9). 

Final regressions of SRV . on ..’ functions of simulated species number were done with iteratively re- 

weighted least-squares regression, using Tukey bisquare weights for the final iterations (see 

Becker etal. 1988). Smoothed 90 and 95% confidence bounds were prepared for the first four 

Procrustes rotated axes from correspondence analysis (CA) and detrended correspondence analysis 

(DCA), as a function of the number of species occumng in all of 100 bootstrap replicates (Figure 

10,11,12, & 13). The relationships, curving sharply near the origin, suggest that the SRV will be 

of greatest value for simultaneous analyses of 25 or more species, with little ability to distinguish 

signal from noise for 10 species or less. No multiple comparison adjustment was attempted due to 

the sampling dependence among axes from the same analysis. 
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Data Transformation 

In vegetation analysis, particularly of forest data, there is often no intrinsically preferable 

measurement scale. Data describing the relative abundance of several species of measured trees, for 

example, could equally well be expressed as counts, sums of diameters, basal areas, or estimated 

stem volumes or tree biomasses. Woody species also occur in a range of life stages from new 

seedlings, to saplings, through m'assive canopy trees. Populations in different stages cannot be 

sampled accurately with identical methods. Plot size must both be small for seedlings because of 

practical constraints, and large to obtain adequate samples of stems in the canopy. Summaries as 

counts will be heavily weighted to the more ephemeral seedling populations, whereas occasional 

very large canopy trees will dominate biomass totals. This diversity of possible measurements and 

summaries leaves an investigator with a number of potentially arbitrary decisions. 

In analysis of plant cover there is a tradition of recording abundance in a transformed scale 

(Mueller-Dombois & Ellenberg 1974). These values may then be subsequently transformed for 

optimal clustering (e.g. van der Maarel1979, Noest etal. 1989). Data on tree abundances have 

also been combined and relativized to improve subjective recovery of gradient structure (e.g. Curtis 

& McIntosh 1951, Greig-Smith 1964). The availability of a more objective measure of the quality 

of axis recovery suggested that vegetation data might be transformed to minimize the scaled rank 

variance (SRV) of a correspondence analysis. An investigator might also compare SRV values 

from analyses of different measures of abundance or at different spatial scales to select the most 

consistent patterns for explanation. 

Transformations from the "ladder of powers" (Hoaglin etal. 1983, see Figure 14) form a 

natural series of monotonic data transformations. Related transformations have also been used 

previously with species abundance data (e.g. Taylor 1961, van der Maarel 1979, Clymo 1980). 

We sought to use the SRV to select good transformations and informative measures of abundance. 

We also set out to test the hypothesis that a transformation which roughly equalized variance or 

"spread" among species with different average abundances would also improve the recovery of a 

gradient ordering of those species. 
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A "spread-versus-level plot" (see Emerson 1983, Emerson & Soto 1983) of the log of the 

fourth spread or interquartile range versus the log of the median was used to select a data 

transformation for each of six measures of woody species abundance in southeast Texas (Figure 

15 & 16). The slope (b) of this plot is used to estimate the power of the transformation as p = 1 - b 

with In(x) used for p = 0 (see derivation in Leinhardt & Wasserman 1979). This transformation 

was then compared with the original scale and other relevant members of the ladder of powers. 

SRV values were averaged across the first four axes, using the harmonic mean to differentially 

emphasize low SRV values from stable early axes instead of meaningless fluctuations among large 

values on later axes. 

Note that the traditional measures of solution quality in correspondence analysis, the 

eigenvalues, imply that transformations yielding greater inequality of variances should be used in 

detrended correspondence analysis (e.g. Figure 17). 

For all six measures: seedling numbers, sapling numbers, tree numbers, sapling basal area, 

tree basal area, and total basal area, the selected transformation produced a more stable analysis 

than the original data scale (Figures 18-23). In four cases the most stable analysis in the set came 

from the selected transformation. In all cases there was little difference among the results of the 

selected transformation and adjacent transformations. It appears that an investigator could obtain 

good results by selecting a transformation using the spread-versus-level plot, without 

compromising stability assessments by selecting the most stable analysis after calculating a 

bootstrap SRV. 
. .. 
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ABSTRACT 
For nearly 20 years we have been studying the Big Thicket of southeast Texas as an ex- 
ample of the vegetation of the western Gulf Coastal Plain. Most of this area is covered by 
closed forests which vary in structure and species composition along a soil texture gradi- 
ent. Longleaf pine is a distinctive element, but it is dominant in only a few of the identifi- 
able vegetation types in the region. New ordination analysis confirms western Gulf 
vegetation patterns and their relationship to soil texture. However, soil phosphorus and ni- 
trogen availability, as well as moisture, may be important in explaining changes in forest 
composition and structure along the soil texture gradient. The strong relationship between 
vegetation and soil properties suggests that fire interacts with edaphic factors in influenc- 
ing the landscape distribution and species composition of plant community types. 

Longleaf pine in the Big Thicket is dominant on level-to-gently rolling hilltops with sandy 
surface soils and on some low flat sites. It also occurs in upland stands with other pines, 
oaks, and hickories characteristic of dry, nutrient-poor sites. Frequently, understory veg- 
etation is dense. It has been suggested that in the past many of these forests were open 
savannas with a longleaf pine canopy and a grassy groundcover. Stand history data from 
one oak-hickory-pine stand do indeed suggest that longleaf pine was more important prior 
to logging early in the century. However, these data also show that several species of oaks 
also occurred frequently in the presettlement forest. 

. .  

INTRODUCTION 

Several papers have appeared in recent years 
which review and synthesize literature about the 
vegetation of the southeastern Coastal Plain 
(Christensen 1981, 1988, Frost et al. 1986, Bridges 
and Orzelll989, Platt and Schwartz 1990, Myers 
1990, Ware et al. 1993). These reviews have mostly 
emphasized basic similarities in vegetation patterns 
throughout the Coastal Plain, with particular em- 
phasis on sites east of the Mississippi River. As in- 
formation accumulates from different localities, 
however, it is becoming increasingly apparent that 

significant, geographically related, variation does 
occur within this region (see also'Peet and Allard, 
1993). In particular, Coastal Plain vegetation west 
of the Mississippi River differs from Coastal Plain 
vegetation farther to the east (Harper 1920, Marks 
and Harcombe 1981, Bridges 1988, Bridges and 
Orzell1989). Thus, an overview of the vegetation 
focusing primarily on the western Coastal Plain is 
in order. 

Because this Proceedings is concerned with 
conservation and management of the "longleaf 
pine ecosystem," we will consider only that part 
of the west Gulf Coastal Plain which encompasses 

I Crirrnit address: Fairchild Tropical Gnrdetr, 10901 Old Ciiflcr Road, Mlnrrri, FL 33156496 

Pr0cecd;irPs qf f l i c  Tall Timbers Fire Ecofopli Coi!fcrcrrcc, NO. 18, The Longleaf P i e  Ecosystem: ecology, restoration and management, 
edited by Sharon M. Hermann, Tall Timbers Research Station, Tallahassee, FL, 1993 
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the natural range of longleaf pine (Pinus pahsfris) .  
This area stretches from the western edge of the 
Mississippi River bottomland forests in Louisiana 
almost to the Trinity River in Texas (see maps in 
Wahlenberg 1946, Allred and Mitchell 1955, Little 
1971, Bridges and Orzelll989, and Ware et al. 
1993). The southwestern boundary, in Hardin 
County, TX, coinades rather precisely with the 
boundary between the Beaumont and Montgom- 
ery geologic formations. The northern boundaq 
which m s  through southern Angelina, San Au- 
gustine and Sabine Counties, TX, and through 
Sabine, Natchitoches, Biendle and Jackson par- 
ishes, LA, also coinades with a geologic boundary; 
longleaf pine and associated outer Coastal Plain 
vegetation are restricted largely to sedimentary suz- 
faces of Miocene age or younger (Bridges and 
Orzell1989). The southem boundary, in Jefferson 
and Orange Counties, TX, and in Calcasieu, Allen, 
and Evangeline Parishes, LA, is marked by a t r p -  
sition from forests and savannas, including plant 
communities with longleaf pine, to coastal prairies 
and marshes (Allred and Mitchell 1955, Marks and 
Harcombe 1981, Diamond et al. 1987, Bridges 1988, 
Bridges and Orzelll989). 

OW discussion of the vegetation of the ioAgled 
pine section of the west Gulf Coast will proceed as 
follows: first, we review the major types of plant 
communities of the longleaf pine region of the west 
Gulf Coastal Plain; second, we consider relation- 
ships between vegetation and environment, focus- 
ing on gradual changes in plant communities and 
tree speaes abundances across important environ- 
mental gradients; third, we focus on the herbaceous 
communities of longleaf pine savanna, a vegetation 
type particularly threatened in the west Gulf Coast 
(Bridges and Onell 1989); fourth, we consider how 
vegetation presently &ting in the west G d f  Coast 
may differ from vegetation of the presettlement 
landscape. 

REGIONAL SETTING 

Climate and geology of the area under consid- 
eration are summarized by Marks and Harcombe 
(1981), and Bridges and Orzell (1989). Here we 
present only briefly a few facts directly relevant to 
the present discussion. 

The dimate of the longleaf pine area of the 
west Gulf Coast is humid subtropical, with abun- 
dant rainfall. Precipitation is generally well distrib- 
uted throughout the year, thQugh intervals of 
drought may be more prevalent during spring (i.e. 
mid March through mid-June; M. Olson and W.J. 

Platt, unpublished data from Pineville, LA). Sum- 
mer rainfall is assodated primarily with convec- 
tional thunderstorms, which are also associated 
with lightning and lightning-induced ground fires 
(Komarek 1968). Such fires are thought to have oc- 
curred frequently in the presettlement landscape, 
with important consequences for vegetation com- 
position and landscape patterns (Greene 1931, 
Wahlenberg 1946, Frost et al. 1986, Bridges and 
Orzelll989). 

The west Gulf Coastal Plain is underlain by a 
series of former marine terraces, most of which 
date to the Pleistocene (Bernard & Leblanc 1965). 
The youngest surface, deposited within the Recent 
geological period, is occupied by coastal prairies 
and marshes. In general, the age of the surface is 
positively correlated with its distance from the 
coast, elevation, drainage, and the amount of dis- 
section, a l l  of which can have important effects on 
vegetation. Inland from the oldest Pleistocene Ter- 
races, exposed strata date from the Miocene Period. 
These-older surfaces tend to be well drained and 
highly dissected, though under some conditions 
(e.g., the tuffaceous sandstone of the Catahoula 
Formation; see Bridges and Orzelll989) drainage 
may be limited and unusual plant communities 
may be found. 

A number of authors have mapped the vegeta- 
tion of all or part of the longleaf pine section of .&e 
west Gulf Coastal Plain. Early authors mapped 
most of the area as longleaf pine forest (Bray 1901, 
1906, Harper 1920, Tharp 1926, Brown 1945, Allred 
and Mitchell 1955) or "southern evergreen forest" 
(Braun 1950), perhaps because they could person- 
ally remember a time when most of the landscape . 
was indeed covered with longleaf pine. Later au- 
thors, especially those ecologists more concerned 
with potential or "climax" vegetation than with 
vegetation actually existing over most of the land- 
scape, mapped the area as "southern mixed hard- 
wood forest" (Quarterman and Keever 1962, 
KuchIer 1964), beech-magnolia forest (Delcourt and 
Delcourt 1977), and deaduous dicotyledonous-ev- 
ergreen dicotyledonous-coniferous forest (Greller . 
1989). Foresters and range managers, who were al- 
ready beginning to convert large sections of the 
landscape into loblolly and slash pine plantations, 
mapped the vegetation as "longleaf-slash pine for- 
est" (Nelson and ZiIgitt 1969) and"1ongleaf-slash- 
bluestem range" (Lewis 1974). In the last few 
years, conservationists, convinced of the past im- 
portance of longleaf pine and associated herba- 
ceous-dominated understory communities, again 
have begun to map the regional vegetation as 
longleaf pine forest (Arnold 1978) or longleaf pine 
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savanna (Frost et al. 1986, Bridges and Orzell1989, 
Ware et al. 1993). 

PLANT COMMUNITIES 

Plant commun$ies in the longleaf pine region 
of the west Gulf Coast have been deshibed or & 
sified by many authors, (e.g., Bray 1901,1906, Gow 
1904, Harper 1920, Tharp 1926, 1939, Penfound 
1944, Brown 1944,1945, Allred and Mitchell 1955, 
Watson 1975, Ajilvsgi 1979, Mohler 1979, Marks 
and Harcombe 1981, Ward 1984,1986, Nixon 1985, 
Matos and Rudolph 1985, Diamond et al. 1987, 
Bridges 1988, Bridges and Orzelll989). Instead of 
reiterating the details of all of these nomenclatural 
systems, we will attempt to provide an overview 
of the major vegetation types, indicating, where 
possible, differences among authors in classifica- 
tion and subdivision. , 

Beginning with the earliest studies, plant ecolo- 
gists working in the longleaf pine region of the 
west Gulf Coastal Plain have appreciated the gen- 
eral relationships between plant communities and 
the habitats in which they occur (Gow 1904, Harper 
1920, Tharpe 1926,1939). A basic observation is that 
communities tend to occur at different points along 
a broad topographic-soils gradient, from dry, often 
infertile, uplands to moist or wet, usually more fer- 
tile, bottomland habitats (Tharp. 1926,.Marks and 
Harcombe 1981, Matos and Rudolph 1985, Nixon 
1985, Bridges 1988). Ln the following brief overview 
of the major terrestrial plant communities, we will 
begin with the characteristic communities of dry 
upland sites and then discuss the communities of 
moist and wet habitats. With a few exceptions, spe- 
cies names follow Correll and Johnston (1970). 

Dry Upland Forests and Savanfias 

Dry upland forests and savannas occur on 
sandy, excessively drained soils on stream terraces, 
moderately to excessively drained ridgetops, pla- 
teaus and dry upper slopes (Marks and Harcombe 
1981, Bridges and Orzell1989, Nixon 1985). In gen- 
eral, these habitats occur more commonly on the 
older geologic surfaces [Willis (Williana in 
Louisana), Fleming and Catahoula Formations] in 
the northern half of our study region (see also dis- 
cussion under presettlement vegetation). Dry up- 
land plant communities are invariably dominated 
by pines, oaks, or mixtures of the two. Longleaf 
pine (Pinus palusfris) is acharacteristic, but not nec- 
essarily dominant, species on most of these sites. 

Very dry upland habitats created by deep sand 
deposits of old stream terraces are characteristically 
dominated by bluejack oak (Quercus incuna), sand 
post oak (Q. rnargareffa), and hickories (Carya 
texana, C. fomenfosa). Longleaf (Pinus paluslris) and 
loblolly (I? faeda) pines typically occur as scattered 
trees emerging over the shorter oaks. Communities 
of this sort are € e k e d  sandhilkpine forests by 
Marks and Harcombe (1981), oak-farkleberry 
sandylands by Ajilvsgi (1979) (though some aspects 
of her description may perhaps apply instead to the 
somewhat moister oak-pine forests discussed be- 
low), and xeric stream terrace sand ridge savanna 
by Bridges and Orzell(1989). Despite their use of 
the term savanna to describe this community, 
Bridges and Orzell(1989, p. 250) acknowledge that 
"the herbaceous cover is usually sparse, with con- 
siderable exposed sand and lichen cover." Except 
for the absence of turkey oak (Q. Zaevis) and 
wiregrass (Arkfida sfrrifa) these very dry forests are 
similar in species composition and structure to 
longleaf pine-turkey oaksandhill forests described 
by Ckstensen (1988) for the east Gulf Coast. 

. 
These sandhill pine forests represent the driest 

of the upland forests. With decreasing aridity (i.e., 
slightly less excessive drainage or slightly finer tex- 
tured soas) bluejack and sand-post oak dedine in 
importance and pines become more important. 
Early workers classified these slightly less xeric 
upland forests as longleaf pine forests @ray 1901, 
1906, Tharp 1926, 1939) or "pine uplands" (Gow 
1904) because "dominance in the forest must be 
credited preeminently to Pinus palusfris, which for- 
merly occupied vast stretches of temtory to the al- 
most total exclusion, not only of all other trees, but 
of shrubby and herbaceous vegetation as well" 
(Tharp 1926, p. 22). Today, longleaf pine is sti l l  the 
dominant species on many dry upland sites (Marks 
and Harcombe 1981, Matos and Rudolph 1985, 
Ward 1986). Other species of pines and oaks may 
also be important in some locations (Marks and 
Harcombe 1981, Ward 1984, Nixon 1985). Upland 
stands dominated almost exclusively by oaks (prin- 
cipally Q. sfellafa) and hickories (especially Carya 
fexana) have also been described (e.g., Marietta 
1979, Marietta and Nixon 1983, Ward 1984). 

Nixon (1985) groups the pine-dominated for- 
ests with the oak-hickory forests and the oak-pine 
mixtures, and describes them all simply as "dry 
upland communities". Marks and Harcombe 
(1981), however, distinguish two types of dry up- 
land forests: (I) upland pine forests, dominated by 
longleaf pine, occumng on ridges and plateaus, 
and (2) upper-slope pine oak forests, occurring on 
dry uplands, dominated by pine-oak mixtures. 



Though these two forest types were distinguished 
by Marks and Harcombe (1981) on the basis of to- 
pography and soils as well as by speaes composi- 
tion, more recent analysis (see below) suggests that 
the relationship between upland forest vegetation 
composition and environmental factors is not as 
straightforward as was originally thought. It may 
be safest at present simply to recognize the exist- 
ence of a gradient in dry upland vegetation from 
pine- to oak-dominated without necessarily asso- 
dating this compositiond gradient directly with to- 
pography or other environmental features. 

Marks and Harcombe (1981) and Nixon (1985) 
tend to refer to dry upland vegetation of the west 
Gulf Coast as "forest" because most upland sites 
are presently dominated by relatively closed stands 
of trees with a well-developed woody understory 
(see Marks and Harcombe 1981, Ward 1984, and 
Bridges and Orzelll989 for lists of common under- 
story shrubs and hardwood trees characteristic of 
dry forests). Jn contrast, several authors (Watson 
1975, Ajilvsji 1979, Diamond et al. 1987, Bridges 
1988, Bridges and Orzelll989) classify these com- 
munities as longleaf pine savannas because fre- 
quent natural burning may at  one time have 
maintained an herbaceous-dominated understory 
(Frost et al. 1986, Ware et al. 1993, Bridges and 
Orzell 1989). This use of the term "savanna" is 
mostly restricted to the western Gulf; farther east, 
the term is generally reserved for mesic or wet sites 
with unusually low tree densities. At present, dry 
upland savanna vegetation in the western Gulf 
Coast i s  quite scarce and is restricted to areas man- 
aged with prescribed burning (Diamond et aL 1987, 
Bridges 1988, Bridges and Orzelll989). 

I 

Wetland Pine Savannas 

Wetland pine savannas (Marks and Harcombe 
1981) [also "pine flats" of Gow (1904), "longleaf- 
black gum savannas" of Ajilvsgi (1979), "longleaf 
pine-rhynchospera series" of Diamond et al. 1987, 
"wetland longleaf pine savannas" of Bridges and 
Orzell(1989)l tend to occur mostly south of the up- 
land-pine forests, on the younger Bentley and 
Montgomery geologic surfaces (Intermediate Ter- 
races in Louisiana), closer to the Gulf of Mexico 
(Gow 1904, Marks and Harcombe 1981, Bridges 
and Orzell 1989; see also discussion below of 
presettlement vegetation patterns). These surfaces 
are characterized by poorly drained soils and a sea- 
sonally high water table (Bridges and Onell 1989). 
Wetland pine savannas also occur as inclusions 
within upland pine forests wherever drainage is 
limited (Streng 1979, Streng and Harcombe 1982, 

Marietta and Nixon 1984). Bridges and Orzell 
(1989) distinguish these smaller upland inclusions 
as hillside seepage herb bogs/seepage slopes (these 
are also referred to as pitcher plant bogs by Nixon 
and Ward 1986, and  as Bogs-Sphagnum- 
Rhynchospora series by Diamond et al. 1987). Both 
types of wetland savannas are characterized by a 
diverse herbaceous layer, often dominated by 
sedges (principally speaes of Rhynchospwu and 
Scleriu), grasses (Andropogon spp., Schivrchyrium 
spp.. Aristida spp., Muhlenbergb spp., and, in Loui- 
siana, Ctenium aromaticum) and composites (Streng 
1979, Nixon and Ward 1986, Allen and Parris 1988, 
MacRoberts and MacRoberts 1990,1991, Hermann 
in press). Bridges and Orzell (1989) suggest that 
bogs may differ from wetland savannas in herba- 
ceous speaes composition (see below), though this 
has not yet been thoroughly quantified. However, 
the high relative importance of pitcher plants (Sar- 
ruceniu Glufu), other carnivorous plants, and Sphag- 
'num, does appear to distinguish bogs from 
savannas, at least in the west Gulf Coast (Folkerts 
1982, Rebertus and'Barker 1984, Allen and Parris 
1988, Bridges and Orzelll989, Hermann, in press). 

Most authors agree that a combination of 
poorly drained soils and a history of more or less 
frequent burning is responsible for the existence of 
wetland pine savannas (Watson 1975, Marks and 
Harcombe 1981, Bridges and Orzell1989), though 
Streng and Harcombe (1982) found that soil factors 
alone appeared to be suffiaent to explain an east 
Texas wetland savanna. Long-unburned savannas 
may develop an understory dominated by wetland 
shrubs, including sweet bay (Mugnoliu uirginiana), 
gallberry holly (Ilex cOr;aceu), titi (Cyn?la rmiflwu) 
and blackgum (Nyssu sylvuficu). With prolonged 
€ire suppression, these areas may possibly be con- 
verted to baygalls (see below). 

Mesic Upland Forests 

Mesic upland forests occur on well-drained to 
somewhat poorly drained loamy soils, frequently 
occupying gentle slopes or steep bluffs between 
dry uplands and bottomlands (Marks and 
Harcombe 1981, Matos and Rudolph 1985, Nixon 
1985, Ward 1986). Nixon (1985) classified the veg- 
etation of these sites simply as mesic upland com- 
munities. Marks and Harcombe (1981) and Bridges 
(1988) recognized finer moisture-related subdivi- 
sions. The midslope oak pine forest of Marks and 
Harcombe (1981) is characterized by the 
codominance of loblolly pine (Pinus faeda), short- 
leaf pine (2 echinufa), southern red oak (Quercus 
fulcufu), and white oak (Q. alba). Other important 
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trees include sweetgum (Liquidambar styrac;flua) 
and blackgum (Nyssu syluafica). Bridges (1988) rec- 
ognizes a "mixed evergreen-deciduous forest" that 
may be derived from either wetland pine savanna 
or from heavily cutover mesic forest (see below) as 
a result of fire suppression or logging. This same 
sort of community is referred to by Diamond et al. 
(1987)'s loblolly pine-oak forest, The lower slope 
hardwood pine forest (hhrlcs and Harcombe 1981) 
[also referred to as beech-magnolia forest-hard- 
wood slope forest (Bridges 1988) and beech-mag- 
nolia-loblolly slopes (Ajilsvsgi 1979)] is 
characterized by beech (Fagus g-andifoZia), southern 
magnolia (Magnolia grandiflora), and American 
holly (flex opaca). Loblolly pine is often important, 
as are a wide variety of other hardwoods. This type 
occurs throughout the Coastal Plain. In a more 
general context, it has been referred to variously as 
beech-magnolia forest (Kwz 1944, Blaisdell et al. 
1973, Delcourt and Delcourt 1977), southern mixed 
hardwoods forest (Quarterman and Keever 1962) 
and deadous broadleaved dico tyledonous-ever- 
green broadleaved' dicotyledenous-neadleleaved 
coniferous forest (Greller 1989). Beech-magnolia 
forests of the west Gulf Coast are similar to forests 
of this type occurring farther to the east, though 
some common species east of the Mississippi (e.g. 
Pinus glabra, Liriodendron tulipifera, Oxydendron 
arboreurn, Osmanthus ammicanus) are absent west- 
ward. 

Christensen (1988) refers only briefly to mesic 
upland forests, grouping them together as upland 
hardwood forests. He acknowledges that "there are 
considerable variations in community structure 
and composition within particular regions related 
to gradients of moisture and nutrient availability" 
(p. 335) but does not explicitly make finer distinc- 
tions. 

Wet Forests 

Early writers tended to group all wetland for- 
ests together as "swamps" (Cow 1904, Tharp 1926). 
However, more recent treatments have described 
a number of different types of wet forests. Marks 
and Harcombe (1981), for example, recognized 
three types, including floodplain hardwood pine 
forest, floodplain hardwood forest, and swamp-cy- 
press tupelo forest. Floodplain hardwood pine for- 
est occurs in active floodplains of smaller streams. 
Beech, magnolia, loblolly pine, water oak (Q. nigra), 
blackgum, and sweetgum are important trees in 
this community. Floodplain hardwood forest oc- 
curs in floodplains of major rivers. It is distin- 
guished by the absence of pine, stronger 

dominance of water oak and sweetgum canopy 
trees, and a dense midstory of ironwood (Carpinus 
caroliniana). Other important trees include basket 
oak (Quercus michauxii Nutf), blackgum, water 
hickory (Carya aquatica), red maple (Am rubt-ztm) 
and chenybark oak ((2. pagoda Raf.). Swamp cy- 
press tupelo forests OCN in deeper backswamps/ 
sloughs, oxbows- and other depressions and along 
inlets of the major rivers. They are dominated by 
cypress (Taxodium disfichum) and tupelo (Nyssa 
aquafica). Characteristic understory trees and 
shrubs include water ash (Fraxinus Carolininna), wa- 
ter elm (Planera aquafica), and buttonbush 
(Cephlanthus cccihtalis). Other authors have de- 
scribed a similar range of bottomland forests, 
though with slightly Werent boundaries along the 
moisture/flooding gradient (Ajilsvgi 1979, Molder 
1979,Diamond et al. 1987, Bridges and Orzelll989, 
Nixon 1985). Mohler (1979) also recognizes a wide 
variety of subtypes or "noda" within each major 
forest type. 

Baygalls 

Baygalls [also bay-gallberry holly bogs of 
Ajilsvgi 19791 are shrub-dominated wetland com- 
munities characterized by CyriZla racemqora, Ilex 
coriacea, and sometimes Myn'ca ctrfma (Marks and 
Harcombe 1981). Except for laurel oak (Quercus 
ZaurifoZia), canopy dominants are similar to those 
descriied for Nixon's (1985) wet creekside commu- 
nity (see above). Baygalls are commonly found in 
depressions and poorly-developed drainages in 
upland habitats where water stands for much of 
the year. Christensen (1988) grouped bay@ with 
bay forests and bayheads. In our treatment they 
include some forest communities of acid 
backswamps and seeps along the floodplains of 
less energetic creeks and rivers. These communi- 
ties might be grouped with an acid swamp subtype 
of river floodplain forest, were they to occur in a 
region with many nutrient- and sediment-poor, but 
tannin-rich, blackwater rivers. Large blackwater 
rivers are rare in the western G d  Region, although 
they may have been more common before wide- 
spread forest cutting. Several evergreen shrubs 
typical of eastern bay forests and shrub bogs (e.g. 
Ilex myrfifolia, Lyonia lucida, and Gol-donia Zasziznthus) 
are absent from Texas baygalls. 

GRADIENT ANALYSIS OF BIG 
THICXCET WOODY VEGETATION '- 

Basic relationships between environmental p a -  



clients and plant communities have long been ap- 
predated by plant ecologists of the west Gulf Coast 
[see especially Tharp's (1926) description of the gra- 
dient in topography and soils between upland pine 
forests and swamp cypress forests]. Only recently, 
however, have ecologists working in this part of the 
country begun to develop statistical models to ex- 
press these relationships in a quantitative fashion. 
Such models make it easier to visualize the gradual 
changes in vegetation composition which occur 
along environmental gradients, and tend to reduce 
the need for multiple community names to describe 
subtle changes in vegetation composition. 

Over the past decade, several studies of west 
Gulf Coast vegetation have used ordination tech- 
niques (see ter Bra& 1987 for .an especially lucid 
treatment of this rather complicated subject) to ob- 
jectively arrange stands on the basis of.species com- 
position and/or to test for effects of environmental 
variability on vegetation composition (Mohler 1979, 
Marks and Harcombe 1981, Ward 1986, Nixon et al. 
1987). The study by Marks and Harcombe (1981) 
of forest vegetation in the Big Thicket area of south- 
east Texas is still the most comprehensive. These 
authors used indirect ordination to assess their 
ideas about plant community types and to search 
for relationships between forest vegetation and im- 
portant environmental factors such as soil texture 
(which they assumed to be a surrogate for soil 
moisture), soil organic matter, and soil fertility. Re- 
sults of their analyses were consistent with previ- 
ous observations (Tharp 1926). Specifically, the 
arrangement of stands on the first axis corre- 
sponded to the gradient from dry upland commu- 
nities to wetland communities discussed in the 
previous section. Surface soil texture (percent sand 
in the upper 15 an of the soil column) was the most 
important environmental variable. A second axis 
separated baygalls from other wetlands. This sec-' 
ond pattern was harder to explain, but it appeared 
to be primarily reIated to cert&.n aspects of soil fer- 
tility @H aitd calcium concentration). 

For this paper, we repeated the analysis of Big 
Thicket woody vegetation using detrended canoni- 
cal correspondence analysis (DCCA; ter Braak 
1987), a more powerful direct approach than the 
correspondence analysis (CA) employed by Marks 
and Harcombe (1981). Since a strong coirelation 
between soil texture and vegetation change was 
identified in the earlier work, we constrained our 
first DCCA axis by this environmental variable. In 
so doing, we accomplished two objectives. First, we 
directly tested variation in stand composition and 
abundances of individual species vs soil texture 
simply by examining the site scores and species 

scores for this first axis. And second, we statisti- 
cally accounted for the variation assodated with 
this particular environmentd gradient on the first, 
or direct, ordination axis, leaving the remaining 
variation in vegetation composition for the second 
and higher axes. By then examining vegetation 
changes along these "unconstrained" axes, we 
could determine whether any meaningful patterns 
emerged that were not related to soil texture. 

In addition to the 54 stands sampled by Marks 
and Harcombe (1981), the new direct ordination 
analysis also included data from 20 more upland 
stands in the Big Thicket National Preserve and 
nearby Nature Conservancy lands (Liu 1992). A h ,  
our input data (i.e the tree data for each species in 
each stand) consisted of the logarithm of tree den- 
sity (where a tree is defined as any stem greater 
than 4.5 an dbh) rather than tree basal area. The 
choice of density and of the log transformation 
were based'partly on statistical aiteria which we 
need not discuss here (however, see Knox and Peet 
1989, Knox in press). The essential idea is that the 
log of density tends to weight species most heavily 
that have many tree-sized stems . Thus, stand po- 
sition along an ordination '&is will be dependent 
to a large extent on numerically dominant speaes. 

As expected, the first DCCA axis confirms a 
strong relationship between soil texture and Big 
Thicket forest vegetation (Fig-la). This axis, con- 
strained to be related to percent -smd in the surface 
soils, accounts for about 70% of the variation sum- 
marized by the first axis of an unconstrained, in- 
direct ordination of the same vegetation data and 
performed with a closely related technique (eigen- 
values: 0.424 and 0.605 respeciively). In addition to 
demonstrating once again the strength of the soil- 
texture vegetation relationship, the first DCCA axis 
also'illustrates the confounded effects of topogra- 
phy and soils on Big Thicket forest communities. 
From left side to right, this axis shows the transi- 
tion from dry upland communities located on 
sandy soils through mesic forests located on inter- 
mediate-textured soils to wet bottomland commu- 
nities occurring on clay-rich soils. Characteristic 
species of these different forest types are shown in 
the plot of species scores aaoss the f i s t  two axes 
(Fig.2). Dry upland species (e.g., Qiiercus incana, 
G i y a  fexana) are found on the lefthand, or "sandy," 
side of the first axis; speaes such as beech and 
magnolia, typical of mesic sites, are found on in- 
termediate textured soils towards the center of the 
first axis; and species typical of floodplains (e.g., 
Quercus Zyrata, G i y a  aquatica) or other wet sites are 
found on the righthand or "clay-rich" side of the 
first axis. 



Examining plots of species scores across the 
first ordination axis provides some indication of the 
effect of the soil texture gradient on changes in the 
abundance of individual speaes across this gradi- 
ent. However, it is easier to visualize such changes 
by plotting directly some measure of the abun- 
dance of a species across the entire gradient. Ex- 
amples of such plots are s h o h  in Fig.3;' Each plot 
shows the density of one common speaes in each 
stand (indicated at the location of the stand in the 
ordination space defined by the first two axes). Fo- 
cusing on the first axis, it is apparent that species 
characteristic of upland sites are more abundant 
(Le., occur at higher density) towards the high-sand 
end of the gradient, speaes characteristic of bot- 
tomland sites are more abundant towards the high- 
clay end of the gradient, and speaes characteristic 
of mesic sites are more abundant on medium-tex- 
tured soils towards the center of the gradient. 
Shortleaf pine is slightly more restrided to very 
sandy soils than longleaf pine. Additional plots of 
the same kind are shown in Fig.4 for common spe- 
cies of oaks. This latter figure shows cl.ear1y that 
the various species of oaks are distributed differ- 
ently across the soil texture gradient. Note that two 
of the common oak speaes, post oak and especially 
bluejack oak, are more restricted to very sandy soils 
than is longleaf pine. 

. 

Turning now to vegetation patterns not asso- 
ciated with soil texture (i.e., those appearing on the 
unconstrained axes of the DCCA ordination), we 

observe that the second DCCA axis is paaicularly 
interesting. In contrast to the second axis of the 
Marks and Harcombe (1981) CA ordination, which 
distinguished baygalls from other wetland forests, 
the new DCCA second axis represents a gradient 
among upland sites on the "sandy" end of the first 
axis. On one end of this second gradient (i.e., the 
ldwer ena of the vertical axis hi Fig.1) are stands 
dominated by mixtures of oaks and pines [see also 
Figs.2-3). These stands =e also characterized by 
numerous shrub speaes including Cornus florida * 
and Ilex vornitoria. 

On the other end of this same gradient (i.e. the 
upper side of axis 2 in Fig.1) are stands.more 
strongly dominated by longleaf or shortleaf pine, 
with fewer oaks, loblolly pines and shrubs (Q. 
mrilandica, blackjack oak, seems to be an exception 
here). Thus, the second axis appears to represent a 
gradient from stands which Mar-ks and Harcombe 
(1981) refer to  as upper slope pine oak to stands 
which they would classify as upland pine. Focus- 
ing on the upland sites and- re-ordinating only 
those stands with greater than 50 percent sand in 
surface soils, the pattern appears much the same 
as before (Fig. 5). Sand content remains si,pifi- 
canfly associated with differences in tree speaes 
composition (p = 0.001, by a randomization test). 
When the Marks-Harcombe (1981) community 
names are superimposed on this new ordination 
(Fig. 5), sandhill stands with abundant bluejack oak 1 

continue to form a tight cluster, but there is no dear 

-2 -1 0 1 2 
AXIS 1 - CONSTRAINED BY %SAND 

Figure 1. Distribution of Big Thicket forest stands across (A) the first and second axes, and (B) the first and third axes of a delrended canonical 
correspondence analysis (DCCA) ordination. Delrending was done using second order polynomials. On the first ax's, stand scores were alter- 
nately calculated from a linear regression on percent sand-sized particles in the upper 15 cm of soil and from a weighted average of species 
scores, repeated until convergence, Subsequent axes maximize dispersion of species scores, in an unconstrajned fashion, after removing any 
linear and quadratic dependence on earlier axes. 
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Figure 2. Distribution of Big Thicket tree species across the first and 
second axes of a DCCA ordination. (Stand scores from this Same 
ordination appear in Figure 1.) Species abbreviations were formed . 
from scientific names (see Appendix I). 

Qo 

.$ -. 
. .  

. *  . -r = .  

I. . 0. . . 

Figure 3. Abundances of the six most common Big Thicket tree s e- 
cies (excluding oaks) in each stand. Circle-area is proporlionaho 
density of tree-sized stems in the stand at that location in the plane 
defined by the first two axes of a DCCA ordination see Figure 1A). 
For visual reference, circles were superimposed on d ots showing the 
distribution of all stands in the DCCA ordination. The sequence of 
panels runs from species restricted to sandy uplands (A) to those of 
floodplains and wetter mesic forests (F) 
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Figure 4. Abundances of the six most common oak species, plotted 
as per Figure 3. 

separation of upland pine and upper slope pine 
oak types. However, composition of shrub layer 
and herbaceous communities may support a more 
refined classification of these upland forests. than 
is readily apparent from the overstory (see below). 

The third ordination axis (see Fig. lb) tums out 
to be very similar to the old second axis of the CA 
ordination m by Marks and Harcombe (1981). Just 
as was the case with the CA second axis, the DCCA 
third axis primarily distinguishes baygalls from 
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Axls 1 -CONSTRAINED BY W O  

Figure 5. Distribution of Big Thicket forest stands having greater than 
50 percent sand in surface soils, across the first two axes of a sepa- 
rate DCCA ordination of this subset. + = stands assigned to one of 
three Marks and. Harcombe (1981) types of dry upland forest, be- 
fore reclassifyin the combined data set. SH = Sandhill; UP = U p  
land Pine; USP8 = Upper Slope Pine Oak. 



mesic upland forests and other wet forests. None 
of these three groups are important longleaf pine 
habitats, so they were not split out for separate 
analysis in this study. 

Causes of gradient patterns 

In his review of the vegetation of the southeast- 
ern Coastal Plain, Christensen (1988, p. 351) re- 
marked that “I have discussed the foregoing 
relationships between vegetation and environmen- 
tal gradients as though we really understand the 
mechanisms underlying these relations. Nothing 
could be further from the truth.” We must now 
make a similar admission. Originally, soil texture 
was interpreted as a straightforward indicator of 
soil moisture availability, and it was assumed there- 
fore that changes in soil moisture availability must 
underly observed changes in plant speaes compo- 
sition across the first ordination axis (Marks and 
Harcombe 1981). It turns out, however, that the as- 
sumption that percent sand is a simple surrogate 
for available soil moisture is incorrect. When tex- 
ture is converted to an estimate of moisture re- 
tained in freely draining soils at moderate soil 
water potentials using the formula of Gupta and 
Larson (1979), the relationship between percent 
sand and moisture appears to be unimodal (Fig.6). 
Soils with high clay content are as likely as very 
sandy soils to experience physiological drought, a 
conclusion which is consistent with the observation 
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Figure 6. Relation between percent soil sand and retained plant- 
available moisture for Big Thicket soils, eslimated using the formula 
of Gupla and Larson (1979). - 

by Streng et al. (1989) of drought-related mortality 
among tree seedlings in a floodplain site underlain 

. by a heavy clay soil. 

If percent sand is not a simple surrogate for soil 
moisture, why is there such a strong relationship 
between this variable and bee speaes composition? 
Perhaps because sand content is a good indicator 
for a number of interrelated factors. For example, 
soil texture may covary with soil depth as well as 
with topography, and these latter two factors may 
influence soil moisture more strongly than does soil 
texture. Soil texture also appears to covary with N- 
trogen and phosphorus availability (Walbridge and 
&ox, unpublished data), and recent experiments 
suggest that both of these nutrients may be limit- 
ing to seedling growth in intact plugs of some Big 
Thicket soils (Knox and Harcombe, unpublished 
data). 

Another possible covariate of soil texture is fire 
frequency. Because her-textured soils retain more 
total moisture nearer the surface, these soils are 
likely to take longer to dry out after rains result- 
ing in a reduced probabilip of burning. Thus, fire 
frequency probably is highest in upland habitats 
and decreases downslope (Platt and Schwartz 
1990). Since southeastern trees differ in their tol- 
erance to burning (Garren 1943, Wahlenberg 1946, 
Komarek 1983), differing fire-return intervals and 
burning intensities along the soil texture/topogra- 
phy gradient may partially account for the varia- 
tion in tree speaes composition along this gradient 
(Platt and Schwartz 1990). 

Concerning the second axis, which separates 
longleaf pine from mixtures of pines and oaks, we 
can offer several plausible explanations. One pos- 
sibility is topographic effects on site moisture. 
Stands dominated by longleaf may occur in upland 
habitats on sandy soils, while stands dominated by 
oaks and pines may OCN on equally sandy sites, 
but on gentler or lower slopes. Another possible 
explanation for the second axis is some aspect of 
soil fertility not correlated with soil texture. For 
example, because fire is known to volatilize nitro- 
gen and mineralize phosphorus, sites with differ- 
ent burning histories may differ in availability of 
these important plant nutrients, even if they do not 
differ in soil texture. Of course, &e also may di- 
rectly affect forest composition, and there is no rea- 
son to believe that fire frequency always is directly 
correlated with soil texture or topography (e.g. up- 
land sites surrounded by natural firebreaks may 
bum less frequently than more extensive upland 
areas). A final possibility is that the second axis is 
not even truly independent of soil texture but 



rather represents a non-linear response of the veg- 
etation to subtle changes in texture on very sandy 
sites. 

HERBACEOUS COMMUNITIES OF 
LONGLEAF PINE SAVANNAS 

Our discussion of west Gulf Coastal Plain plant 
communities has focused on woody plants (i.e. 
trees and shrubs). There are two reasons for this. 
First, because data on herbaceous plants are more 
difficult to collect, quantitative data on herbaceous 
plants are not available for many w e s  of habitats 
and communities. Second, most of the landscape 
in the southeastern Coastal Plain is dominated at 
present by woody plants, and it is sensible to fo- 
cus an analysis on dominant species. However, 
herbaceous communities were probably once much 
more widespread than they are now (Frost et al. 
1986, Bridges and Orzelll989, Ware et al. in press), 
and so the few remaining examples, and the spe- 
cies that occur in them (including many rare and 
local plants), are of considerable interest to conser- 
vationists (Bridges and Orzelll989). 

In the section above on vegetation classifica- 
tion, we recognized the existence of two merent  
types of longleaf pine savannas: upland pine and 
wetland pine. In a recent paper,-Bridges and Orzell 

(1989) subdivided each of these broad types into a 
number of different communities (or “subtypes”), 
distinguished primarily on the basis of herbaceous 
species composition. The four subtypes of upland 
pine savannas included (1) typic upland longleaf 
pine savanna, (2) xeric longleaf pine savanna/san- 
dhill woodland-barrens, (3) xeric stream terrace 
sand ridge, and (4) dry rocky longleaf pine sa- 
vanna. In terms of our previous discussion of dry 
upland communities, these herbaceous communi- 
ties fall primarily along the gradient between up- 
land pine forests and xeric sandhill forests. Because 
Bridges and Orzell(l989) based their community 
designations on qualitative surveys rather than 
quantitative sampling, it is difficult to be specific 
about differences in species dominance among 
these communities. The same species of dominant 
grasses (i.e. Schizachyrium scoparium, S .  tenerum, 
Sporobolus junceus, Andropogon fernarius, 
Dichanfhelium dichofomum, D. oligosanfhes) occur in 
all the subtypes, but with lower frequency and 
cover in subtypes 3 and 4. The major differences 
are in the characteristic herbaceous species (defined 
in terms of percent of sites in which a species was 
present). An abbreviated list of characteristic spe- 
cies of each subtype, abstracted &om Bridges and 
Orzell(l989; their Table 3), is presented as Table 1. 
Many of the species on this list are restricted to the 
west Gulf Coastal Plain. The subtype with fewest 
west-Gulf endemics is typical upland longleaf pine 
savanna. It is interesting to note that most of the 

Table 1. Percent frequency of characteristic herbaceous species of upland longleaf pine savanna subtypes 1-4. (Abstracted from Bridges and 
Orzell 1989). 

Species 

AIophia drummondii 
Aiistida desmantha 
Aristolochia reticulata 
Aster linariifolius 
Aureolaria pectinata 
Berlandiera x betonicifola 
Bulbosty/is ciliatifolia 
Carex tenax 
Cnidoscolus texanus 
Cypems grayioides 
Dichanthelium dichotomum 
Echinacea sanguinea 
Euphorbia corollata 
Froelichia floridana 
Liafiis squarrosa 
Mafelea cynanchoides 
Paronychia drummondii 
Pityopsis graminifolia 
Polanisia erosa 
Rhynchosia renifomis 
Tradescantia [everchonii 
Vernonia texana 

Subtypes 

1 
80 
0 

90 
80 
10 
40 
20 
0 

30 
0 

50 
90 
70 
10 
60 
10 
0 
90 
0 

90 
20 
80 

2 3 
30 25 
10 loo 
30 0 
0 0 

20 25 
90 75 

100 loo 
. o  loo 
90 75 
30 75 

100 100 
0 25 

50 25 
90 75 
0 0 

80 75 
10 75 
20 25 
0 loo 

10 25 
80 75 
20 25 

4 
0 
0 
0 

100 
100 

0 
0 
0 
0 
0 
0 
0 

100 
0 

loo 
0 
0 

.loo 
0 
0 
0 

I00 



non-endemics in this community are also charac- 
teristic of frequently burned, dry longleaf pine- 
dominated sites in other parts of the Coastal Plain 
(e.g., Pityopsis gramingolia, Aster linariifofius, Galacfia 
n'ecta, Rhynchosia renifoimis; see Platt et al. 1988, 
1991, Peet and Allard, 1993, Streng et al. 1993). 

In addition to distinguishing a number of dif- ~ 

ferent subtypes of dry upland longleaf pine savan- 
nas, Bridges and Orzell (1989) also recognized 
several subtypes of wetland pine savannas. Their 
distinction between upland herb bogs and low-el- 
evation wetland savannas was discussed above. 
However, even within this latter categoq, they rec- 
ognize several subtypes associated with differing 
moisture regimes and geologic formations. These 
include: (1) Beaumont Formation savannas, oc- 
curring on  strongly pimple-mounded 
microtopography and containing speaes charader- 
istic of calcareous, clayey soils, such as EvoluuZus 
sericeus, Gaura lindheimeri, Rhynchospora divergens 
etc. (2) Montgomery Formation savannas, occur- 
ring on the slightly higher, better-drained soils of 
the Montgomery Formation, characterized by a 
"richer flora than subtype 1 (Beaumont Formation 
savannas) with more relation to bog flora", and (3) 
€tat Bentley Formation savannas, occurring on sur- 
faces yet again slightly higher and drier than the 
last, and containing more speaes of mesic savan- 
nas (e.g., Ctenium aromaticum and Rhexia alifanus, 
which are also common species of mesic ffatwoods 
farther to the east; e.g, Platt et al. 1991; Peet and 
Auard, 1993; Streng et al. 1993). 

The va~5ous subtypes of wetland savannas rec- 
ognized by Bridges and Orzell(l989) occur along 
a north-south axis which crosses the major geologi- 
cal surfaces, However, savanna vegetation also var- 
ies from east to west within the west Gulf longleaf 
pine region. h particular, the Sabine River, which 
divides Texas from Louisana, appears to be an im- 
portant geographical barrier, and many important 
species of Louisana savannas (e.g., Cfenium 
aromaticum, Rhexia alifanus, Sabafia campanufafa, and 
Hibiscus aculeatus) fail  to cross into Texas (Bridges 
and Orzell1989). 

PRESETTLEMENT VEGETATION 

At present, much of the landscape of the 
longleaf pine section of the west Gulf coastal plain 
is covered by closed forests; savanna vegetation 
occurs only in a few small areas. A number of au- 
thors have suggested that the opposite situation 
prevailed in the presettlement forest; the landscape 
was mostly covered by longleaf pine savannas, and 

forests dominated by hardwoods or mixed loblolly- 
pine hardwoods were found only in restricted ar- 
eas protected from frequent burning (Frost et al. 
1986, Noss 1987, 1989, Bridges and Orzelll989, 
Myers 1990, Ware et al. in press). According to 
these authors, most of the present-day upland for- 
ests were formerly longleaf pine savannas. If these 
authors are con;ect,.the landscape-of the southeast- 
em United States has undergone a dramatic trans- 
formation over the last 100 to 200 years. In the 
present section, we attempt to test these sugges- 
tions by evaluating available evidence on the 
prevalence of various types of forests and savan- 
nas in the presettlement landscape. At least four 
kinds of evidence are available: (I) eyewitness ac- 
counts of original vegetation, (2) land survey data, 
(3) stand history reconstruction, and (4) early 20th 
century vegetation maps. Evidence from each of 
these kinds of data is considered below. 

Early Descriptions 

Unlike the Atlantic Coastal Plain, the west Gulf 
Coastal Plain was still largely uncut as late as the 
early 1 9 0 0 ' ~ ~  and many authors described the 
old-growth forests (e.g., Roberts 1881, Bray 1901, 
Gow 1904, Chapman 1909, Schwarz 1907, Foster et 
al. 1913, Harper 1920, Thaq  1926). These authors, 
without exception, described extensive open forests 
or savannas dominated by longleaf pine, often with 
a grass-dominated understory. Today, these exten- 
sive savannas and open forests do not exist in the 
west Gulf Coast. 

Though longleaf pine savannas were once 
clearly much more prevalent than they are today, 
the early accounts are not quite so helpful in de- 
termining how prevalent they were. Some authors 
(e.g., Bray 1901, Schwarz 1907, Tharp 1926) stated 
categorically that virtually aJl upland sites within 
the range of longleaf pine once were dominated by 
monospecific stands of this speaes. Harper (1%0) 
found that in the vicinity of Kountze, Hardin 
County, TX, "as in nearby parts of Louisana, Pinus 
palustris is practically the only tree on the uplands 
there." However, he also tooknote of the fact that 
E N .  Plank, in a previous description of Tyler 
County, TX, in the northern part of the longleaf 
pine region, failed to even "mention ... the charac- 
teristic herbs of the pine forest, or even Pinits 
palusfris, for that matter, which may indicate the 
presence of considerable areas of hardwood forests 
in the heart of the longleaf pine region." Gow 
(1904) observed that longleaf pine was almost al- 
ways the dominant species in "pine flats'' and 
"pine uplands" in southeast Texas, but that two 



species of oaks (post oak, Q. sfellafa, and blackjack 
oak, Q. m y h n d i u r  (sic)) were “common” or “not 
uncommon” in the uplands, especially in the north- 
em part of the longleaf pine range. These and 
other early observations (see Brown 1944 and 
Delcourt 1976 for reference to early accounts of 
Lousiana upland forests) suggest that at least in the 
more northerly upland areas, longleaf pine did oc- 
cur in mixed stands with post oak, shortleaf pine 
or other dry forest tree species. 

On the whole, these early accounts suggest that 
most upland sites may well have been occupied by 
longleaf pine, as many of them sti l l  are today. How- 
ever, few of these sites sfill can be described struc- 
turally as savannas. Furthermore, it is not clear 
what was meant by ”upland.” Tharp (1926), for 
example, states that longleaf pine was the exclusive 
dominant on upland sites, but he also defines (p26) 
a broad “hydrosere” (i.e. transition zone &om wet- 
land to upland) that clearly included dominants of 
mesic upland forests (e.g., MagnoZia graridiflora, 
Quercus alba, Q. sfellafa) and he even shows a pho- 
tograph of “a grove of Fagus grand$oZia on a hill- 
side, Polk County.’‘ As a consequence it is difEicult 
to tell from these early descriptions alone how ex- 
tensive such mesic forests were in the landscape. 

Land Survey Data 

Witness-tree data recorded during early land 
surveys represent another useful source of informa- 
tion for reconstructing presettlement forest compo- 
sition (Bourdo ‘1956, Lorimer 1977). Two studies 
have used witness tree data to reconstruct 
presettlement vegetation of the longleaf pine region 
of the west Gulf Coast: Schafale and Harcombe 
(1983) for Hardin County, TX, and Delcourt (1976) 
for an area in NW Louisana spanning the present- - day ecotone between forests containing longleaf 
pine and forests dominated enkirely by shortleaf 
pine, oaks and hickories. Both papers provided 
maps of presettlement vegetation types within the 
study areas, thus simplifying the comparison with 
current vegetation. 

‘ 

. 

Schafale and Harcombe (1983) used witness 
tree data to reconstnrct 11 different presettlement 
vegetation types in Hardin County, indudbig seven 
major types of forests or savannas. These types 
were mapped, and vegetation composition of each 
type was compared statistically to present-day veg- 
etation types of the same area as described by 
Mark and Harcombe (1981). Two important results 
emerged from these analyses: (i) all of the current 
vegetation types could be recognized clearly in the 

presettlement data, including upland pine and the 
various mixed upland communities, and (2) these 
different vegetation types appeared to occupy 
roughly similar areas in the presettlement vegeta- 
tion as they do at present. Upland pine (probably 
savanna, rather than forest, because of the low den- 
sity of trees) occurred in a large area in central 
Hardin County. This is the area visited by Harper 
(1920) in 1918, where he observed examples of old- 
growth longleaf pine savannas. This area was also 
mapped as longleaf pine in the mid-1930’s 
(Cxuickshank and Eldridge 1939) and today would 
be classified as upland pine forest, some of it stiU 
dominated by longleaf. 

In addition to this area of longleaf pine sa- 
vanna, Schafale and Harcombe (1983) also recon- 
structed a sizable area of mixed oak-pine forest, 
distributed in a broad band from the northwestern 
to. the southeastern part of the county. Important 
species included pine (today these are I? echinata 
and P. faeda), white oak, red oak, pin oak (Q. 
Zaut-ifolia and Q. phellos), sweetgum, blackgum, and 
magnolia. Some of this area may represent a broad 
ecotone with the loblolly pine-hardwood domi- 
nated forests to the southwest (see Gow 1904, 
Harper 1920), but at least part of it is well within 
the accepted boundary of the longleaf pine forest. 
These results show also that this mixed oak-pine 
community was an important component of the 
presettlement landscape well before any major ef- 
fect of logging or fire suppression. 

The other witness-tree study was Delcourt’s 
(1976) reconstruction of presettlemen t vegetation of 
northwestern Louisana. She delineated four major 
types of vegetation in the presettlement forests of 
this area. The prevailing type over most of the land- 
scape was upland pine forest. Though this forest 
type was strongly dominated by pine, it also in- 
cluded appreciable quantities of southern red oak, 
post oak and dogwood. Pines were not identified 
to species in the survey records, but Delcourt (1976) 
suggested, based on other evidence, that shortleaf 
pine was probably the dominant speaes in the 
northern part of her study area, while longled pine 
was dominant to the south. The presettlement dis- 
tribution of oaks and hickories was unclear from 
her results, though it may be safe to assume that 
these species were associated mostly with the 
northem shortleaf pine forests, as they are today 
(Brown 1945). 

. 

A second important community type recon- 
structed by Delcourt (1976) was pine-oak 
flatwoods, which occurred in a broad band be- 
tween wetland forest communities and the upland 



pine forests. Despite her use of the word 
“flatwoods“, these transitional forests apparently 
were similar in species composition and structure 
to our mesic upland forests. Forests dominated by 
loblolly pine and mesophytic hardwoods may have 
occurred “on moist sites, near marais and streams“, 
while pine-oak may have occurred on somewhat 
drier sites in.the second bottoms of-major rivers. .-. 

In addition to pine and pine-oak, Delcourt 
(1976) also reconstructed two wet forest types com- 
posed primarily of hardwoods, an “alluvial 
backswamp hardwoods community,” which oc- 
curred on alluvial fist bottoms of the study area, 
and a “tributary bottomland hardwoods commu- 
nity” which occurred along the smaller streams. 

Considered together, the results of Delcourt 
(1976) and of Schafale and Harcombe (1983) are 
consistent with ekly observations that upland for- 
ests in the longleaf pine region of the West Gulf 
Coastal Plain were indeed dominated by longleaf- 
pine. Low densities of pine trees in both studies 
also tend to confirm that these upland habitats 
were savanna3 (i.e. open woods) rather thanclosed 
forests. In contrast to the suggestions of some au- 
thors (Frost et al, 1986, Bridges 1988, Bridges and 
Orzell1989), virtually all of the other forest com- 
munities recognizable in the current landscape also 
occurred in the presettlement landscape, mostly in 
the same sorts of places where they occur today. 
Some of these communities (eg. mixed pine-oak or 
oak-pine forests occurring on midslope or upper 
slope topographic positions) may indeed be rela- 
tiveIy more abundant now than they were in 
presettlement times (Ajilsvgi 1979, Bridges 1988, 
Bridges and Orzelll989, W.J. Platt, persond obser- 
vations), but this is difficult to confirm with edst- 
ing data. Clearly, there is a need for additional 
geographically detailed studies of the sort reviewed 
in this section. .. 

Stand history reconstruction 

Yet another source of information on structure 
and composition of presettlement vegetation is 
stand history reconstruction (e.g., Henry and Swan 
1974, Glitzenstein et al. 1986, FreGch and Lorimer 
1991 &d references therein). This method, which 
involves analysis of tree age distributions, growth 
patterns, and spatial distribution of stem ages, has 
been employed rarely in the southeast. However, 
one such study of an east Texas loblolly pine-hard- 
wood forest (Glitzenstein et al. 1986) showed that 
many of the larger hardwoods were 100-250 years 
old. Clearlx this stand was not a longleaf pine sa- 

vanna in recent times; it represented an example of 
one type of presettiement vegetation. 

In addition to this study of a mesic east Texas 
forest, we have also been investigating the history of 
a dry upland forest in east Texas. The study site is 
located in the Turkey Creek Unit of the Big Thicket 
Nationa Preserve,*about IO Irm sci’utheiisst of Wairen, 
Tyler County, TX. The site is 1.8 ha in area, and is 
located along a ridge and  dry upper slope. 
Downslope, the stand is bounded by a nanow fringe 
of loblolly-pine dominated forest, grading rapidly 
into a baygall. Aside from the gradual decline in el- 
evation from ridge top to slope bottom, the stand is 
homogenous topographically. Dominant canopy 
trees within the study site included loblolly pine, 
shortleaf pine, longleaf pine, southern red oak, post 
oak and hickories (Gzrya fexnna and C. fomenfosa). 
In the summer of 1982, all woody stems in the 
study area greater than 2 an dbh were identified, 
mapped and measured for diameter. All mapped 
stems of shortleaf and longleaf pine were subse- 
quently cored and aged, as were substantial 
subsamples of loblolly pine and the two oak Spe- 
cies. 

Selected examples of ring-width records for old 
trees show obvious releases in 1929-1930 (Fig.7). 
V i a l l y  all other old longleafs showed releases at 
this time, though sometimes not as strikingly. Since 
there are no other release peaks in the records, the 
stand must not have been logged before 1929-1930. 
Thus, we can assume that trees originating prior to 
around 1920 were at least small trees in the olcl- 
growth forest at the time of cutting. 

The age structure data (Figs 8-9) demonstrate 
that oaks and longleaf pine were part of the forest 
vegetation long before logging, while shortleaf and 
loblolly pine may have entered the stand largely 
after logging. Also, regeneration of longleaf pine 
after logging was relatively minor compared to that 
of the four other species. Thus, logging and ensu- 
ing land use history (possibly including a reduced 
frequency of burning) may have favored oaks and 
other pines over longleaf pine. This is consistent 
with observations by Bray (1901) and others of 
scarcity of longleaf regeneration in many cutover 
stands. 

The map of aged trees surviving from the vir- 
gin forest @.e. trees older than 1920; Fig.10) shows 
some segregation of older oaks and pines. How- 
ever, this was very subtle; the forest was not an ob- 
vious mosaic of two different forest types, nor was 
there any clear indication of a downslope transition 
from pines to oaks. These observations are consis- 
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Figure 7. Representake treeing chronologies for longleaf pine at 
the Turkey Creek study site. 

tent with the survey-record studies (Delcourt 1976, 
Schafale and Harcombe 1983) and other studies of 
mature hardwood- dominated forests (h4arlis and 
Harcombe 1981, Marietta and Nixon 1983, Ward 
1984) in suggesting that post oak and southern red 
oak did occur with some frequency, at least in some 
of the more northerly longleaf pine stands. 

Early vegetation maps 

Early vegetation maps generated as part of the 
Southern Forest Survey Program (Cruickshank 
and Eldredge 1939) offer additional information 
that may help us to understand the presettlement 
landscape. However, these maps must be inter- 
preted cautiously, because they were construkted 
after widespread logging of original forests had 
commenced and significant changes in vegetation 
may already have occurred. 

The Texas map (Fig. 11) shows two significant 

things. First, of the area within the longleaf pine 
belt, half or less is mapped as longleaf pine, the rest 
being mostly bottomland hardwoods, loblolly 
hardwoods or oak-hickory. Second, the longleaf 
pine forest is divided up into patches by other veg- 
etation. And, since this map was drawn at a scale 
of 1:2,000,000 it seems safe to assume that even 
within patches, inclusions of other types occurred. 

This patchiness has interesting implications re- 
garding fire frequency and spread. If the patches 
were isolated by broad stream bottoms or other 
wetlands which served as firebreaks, then patch 
size would have influenced fire frequency, and 
smaller patches might have escaped &e for consid- 
erable periods. The importance of patch size can be 
illustrated by considering the dependence of fire- 
frequency on patch size, given a known frequency 
of lightning-caused fires. Texas Forest Service 
records for 1963-1975 show approximately 1 light- 
ning fire per 100,000 ha per year (Table 3 in Walker 
1976). Since this averages over many vegetation 
types in  a landscape largely devoid of large 
longleaf pines which may have functioned as light- 
ning attractors (Platt et al. 1988), we take 1 fire per 
10,000 ha per year as an upper limit for the fie- . 
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Figure 8. Pine age frequency distributions for the Turkey Creek study 
site. (Note that axes are logarithmic.) Frequency is plotted as log 

rected on trees for which the core did not indude the pith rnear pith') 
(freq t 1). Age d ata were aggregated by decade. Ages were not cor- 
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Figure 9. Oak age frequency distributions for the Turkey Creek study 
site. The oak age structures were based on random samples of trees 
in each of ten size classes. The percentage of trees cored varied by 
size class, with all or most trees cored in the larger size classes, and 
with much smaller percentages of smaller trees cored (this is because 
most smaller trees dated to logging in 19241930, and age shctures 
for older trees were of greater interest). Ages were not ~ ~ ~ e d e d  on 
trees for which the core did not include the pith ('near pith' or 
'missed'). The 'estimated' data were generated by assuming that 
results from the random sample of trees which were cored applied 
to the size class as a whole (i.e. age structure data from each size 
dass are scaled up to the number of trees in that size class, and 
then all size classes are plotted together). 

quency of lightning fires in longleaf pine forests. 
We conclude, then, that patches > 10,000 ha would 
have burned as frequently as fuel acckmulations 
would permit (probably 1-3 years; Christensen 
1981), but that patches of 1,000 ha would have 
burned at only 10-year intervals on average. Me- 
dian patch size for southeast Texas was 2800 ha 
median, so fire return interval would have been 3 
years. However, nearly half the patches (42%) 
would have burned at intervals >5 years, and 29% 
of the patches would have burned at intervals >10 
years. 

* The distribution of patches of longleaf pine for- 
est across the landscape (Fig. ll).also illustrates the 
importance of physiography in determining the 
distribution of vegetation. The longleaf pine forests 
are clearly segregated into two geographically dis- 
tinct units, the northern pine ridges and the south- 
ern pine flats. These correspond quite well to the 
two major subdivisions of longleaf pine dominated 
vegetation in the region (i.e. upland pine vs. pine 
savanna wetlands; Marks and Harcombe 1981, 
Bridges and Orzell1989, also see the first section 
of this paper). The two subtypes are separated by 
a band about 15 miles wide on the Was  Geologic 
Formation. This strong ;elationship with physiog- 
raphy has been recognized historically as an impor- 
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Figure 10. Map of stem locations for older oaks and longleaf pines 
in a mapped portion of the Turkey Creek &dy site. 

tant detBminant of the vegetation (Gow 1904, 
Brown 1944). Brown (1944) notes, for example, a 
striking change in the vegetation in the vicinity of 
Wfiana, LA from longleaf pine ("and a variety of 
oaks") on the Pleistocene terraces (Bentley and 
Montgomery Formations in Texas) to shortleaf 
pine, blackgum and several speaes of oaks on the 
Vicksbug surface (=Willis or WiUiana of later treat- 
ments). Two additional quotes from that paper il- 
lustiate the point: 

"South of Many, Sabine Parish ... the vegetation 
changes abruptly from a shortleaf pine-white 
oak-hickory type to a longleaf pine type. This 
change occurs between the Sabinetown and 
the Sparta formations." 

"The longleaf pine was on the terrace depos- 
its and was absent from the Vicksburg fonna- 
tion; the shortleaf-hardwood vegetation, so 
abundant on the Vicksburg, was absent from 
the terrace materials. The contrast between 
these vegetation types is so abrupt that i t  is 
easily recognized." 

These observations were made by Brown in the 
1940 '~~  but he cites data from a "Mr. P.A. Bloomer 
of the Louisana Longleaf Lumber Company" which 
confirm that the same patterns existed in "surveys 
made before the timber was cut" (Brown 1944, p.43). 
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Figure 11. Landscape distribulion of longleaf pine dominated forests (shaded areas) based on I934 Forest Survey data (Cruikshank and Eldredge 
1939). 

The absence of longleaf pine on the Wiuis ridge 
in Texas probably is related to the presence of bet- 
ter drainage and richer so& than on the Pleistocene 
terraces to the south or  the Mio-Pliocene 
(Catahoula and Fleming) to the north. Hardwoods 
and less fire- resistant pines (loblolly and shortleaf) 
constitute the dominant vegetation. This may be 
the dearest example on the Coastal Plain of the lim- 
its of f i e  in determining vegetation structure: fire- 
dependent vegetation (longleaf pine forest) occurs 
on both sides of fixe-susceptible vegetation (oak- 
pine forest). The most plausible explanation is that 
these upland sites were resistant to fire' due to 
higher soil moisture and to the lower flammabil- 
ity of the hardwood-dominated fuel bed (Streng 
and Harcombe 1982). The existence of the strip of 
mesic, mixed-pine hardwood vegetation between 
areas of longleaf pine-dominated vegetation illus- 
trates the importance of soils in'determining veg- 
etation composition. The non-pyric strip of 

vegetation would have been a barrier to northerly 
spread of fire. The combination of this barrier and 
the dissection of the landscape on the older terraces 
probably accounts for greater patchiness of upland 
pine as compared to the pine h t s  (Fig.11). In turn, 
the greater patchiness of these northern uplands 
probably resulted in lower fire frequencies and in- 
aeasing representation of other species of trees in 
longleaf pine forests. Perhaps this helps explain 
Gow's (1904, p.43) observation of almost pure 
longleaf pine forests on the southern pine flats, but 
common post oak, "increasing northward," in the 
pine uplands of Newton, Tyler, Angelina and 
northern Jaspar counties. 

CONCLUSIONS 

Vegetation of the longleaf pine region of the 
west Gulf Coastal Plain is highly heterogeneous, 



and it includes a variety of forest and savanna 
plant communities. Differences in vegetation 
among these communities are related partly to fire 
history, but variation in soils and topography also 
are very important. In all likelihood, fire and 
edaphic factors interacted in a complicated way to 
determine the presettlement vegetation. Available 
information does not ,support,$he idea that -the. 
presettlement landscape of this kea  was composed 
entirely of continuous monospecific stands of 
longleaf pine. Other vegetation types occurred, 
mostly in the same sorts of habitats they occupy 
today. Even within upland longleaf pine, the arbo- 
real vegetation was somewhat heterogenous, vary- 
ing with fire frequency, patch size and dissection 
of the landscape. Perhaps the greatest change in the 
landscape has not been the replacement of pine 
dominated forests by hardwood dominated forests 
(according to Delcourt et al. 1981, between €$ and 
80 percent of standing timber volume in present- 
day forests of the west Gulf region is still pines), 
but rather the replacement of longleaf pine savan- 
nas and open forests by various other ty@es of pine 
communities, including loblolly and slash pine 

plantations. Residual longleaf stands are s t i l l  com- 
mon, but most now contain shortleaf and loblolly 
pines and hardwood-dominated understories (es- 
pecially oaks, gums and  shrubs; see also 
Quarterman and Keever 1962, Delcourt et al. 1981). 
Reintroducing fire to these stands is critical, in the 
west Gulf as elsewhere in the southeastern Coastal 
Plain, though prescribing an,appropriate burning 
regime will requiie consideration of landscape ef- 
fects on natural burning patterns. 
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APPENDIX I: Species abbreviations were formed from scientific names 
(from Figure 2). 

ACRU ............................. Acer rubrum L., (red maple); 
CAAQ ............................. Cutyu uquuficu (Michx.) Nutt., (water hickory); 
CACA ............................. Curpinus carolinknu Walt., (ironwood); 
CAGL .............................. Cutyu glubru Sweet., (pignut hickory); 
CATE ............................... Cutyu fexanu Buckl., (black hickory); 
CAT0 .............................. Gzryu tomentosu Nutt., (mockernut hickory); 
CELA .............................. Celfis lnevigutu Wdd., (Texas sugarberry); 
COFL .............................. Cornusfloridu L., (flowering dogwood); 
CYRA .............................. C y d u  racemiflora L., (ti ti); 
D M  ................................ Diospyros virginianu L., (persimmon); 
FAGR .............................. Fugus grundifolia Ehrh., (American beech); 
FRPE ............................... Fraxinus pensylvunicu Marsh, (green ash); 
ILOP ................................ flex opuca kit., (American holly); 
ILVO ................................ Ilex vomit& Ait., (yaupon); 
LIST ................................. Liquidambar sfyrucifluu L., (sweetgum); 
MAGR ............................ Magnolia grandiflora L., (Southern magnolia); 
MAW .............................. Magnolia virg-niunu L., (sweet bay); 
NYSY .............................. Nyssu sylvuficu Marsh., (black gum); 
OSVI ................................ Ostrya virgininnu (MiU.) K. Koch, (American hop-hornbeam); 
PEE30 ............................... Persea borboniu (L.) Spreng., (red bay); 
PIEC ................................ Pinus echinatu Mill., (shortleaf pine); 
PIPA ................................ Pinus pulusfris MilI., (longleaf pine); 
PITA ................................ Pinus taeda L., (loblolly pine); 
QUAL ............................. Quercus alba L., (white oak); 
QUFA .............................. QuercusfaZcata Michx., (Southern red oak); 
QUFP .............................. Qumcus pagoda Raf., (Cherrybark oak); 
QUIN .............................. Quercus incana Bar&., (bluejack oak); 
QULA ............................. Querms luurifolia Mi&., (laurel oak); 
QULY .............................. Querms Zyrufu Walt., (overcup oak); 
QUMA ............................ Quercus mrilundicu Muenchh. (blackjack oak); 
QUMI .............................. Querms michuuxii Nutt., (basket oak); 

QUPH ............................. Querms phellos L., (willow oak); 
QUST .............................. Quercus sfelZufu Wang., (post oak); 

SYI'I ................................. Symplocos fincforiu (L.) L'Her., (horse-sugar); 
TAD1 ............................... Taxodium distichum (L.) Rich, @aid cypress); 
ULAL .............................. Ulmus ulntu Michx., (winged elm); 
ULAM ............................. Ulmus umericunu L., (American elm); 
ULRU .............................. Ulmus ruhu  Muhl., (slippery elm); 
VAAR .............................. Vuccinium urboreum Marsh., (farkleberry); 
VIRU ............................... Viburnum rufidulum Raf., (rusty black-haw). 

. QrJNI .............................. Quercus nigra L., (water oak); 

. SAAL .............................. Sassufins ulbidurn (Nutt.) Nees., (sassafras); 

, 
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A RE-EXAMINATION OF THE USE OF 
INTERPOINT DISTANCES AND LEAST 
SQUARES INMAPPING FOREST TREES 

R. B. W. Hall’ 

Interest in making accurate maps of the locations of 
organisms has burgeoned recently because of the de- 
velopment of new statistical methods for analyiing 
spatial patterns (e.g., Diggle 1983). Rohlf and Archie 
(1 978) presented “a simple, rapid, and accurate pro- 
cedure” for preparing maps of the locations of sessile 
organisms such as trees. In using their techniques, I 
encountered serious problems: (1) the propagation of 
measurement errors is not adequately controlled by the 
recommended amount of redundancy of measurement; 
(2) the least squares technique used for error correction 
is ineffective with realistic levels of measurement error. 

Rohlf and Archie’s (1978).“method 11” begins with 
three reference points and uses triangulation to locate 
each new point. Distances are measured from each new 
point to any three previously located points. Three sets 
of estimated coordinates can then be generated from 
three triangles by the law of cosines. After all points 
have coordinates, they are adjusted by applying an 
iterative procedure to yield a least squares fit of mea- 
sured distances to calculated distances. Others have 
used the method (Mitton and Grant 1980, Robertson 
1984), but no one else reported serious problems. 
Glitzenstein used this method to make a stem map for 
a 3.2-ha forest plot in east Texas (Glitzenstein et al. 
1986), but found it both difficult and time consuming 
to obtain coordinates (J. S. Glitzenstein, personal com- 
munication). Kenkel (1988) modified the method by 
increasing the number of redundant measurements and 
making no tree-to-tree measurements, which avoided 
the problems reported here (N. C. Kenkel, personal 
communication). He did not use the least squares tech- 
nique. 

Methods 
I applied method I1 to 5039 trees in 100 contiguous 

20 x 20 m plots in a level floodplain forest in east 
Texas. Intertree distances and tree diameters were 
measured at breast height with fiberglass tapes. Dis- 

I Department of Ecology and Evolutionary Biology, Rice 
University, Houston, Texas 7725 1 USA. 

tances were measured to the nearest 0.01 m, and tree 
diameters were measured to the nearest 0.00 1 m. Since 
I was aware of the error accumulation problem, I first 
used the method to map the locations of plot comers, 
and then used the comers as reference locations for 
the first several trees in each plot. This reduced accu- 
mulation of error, since there were at most 70 trees in 
each plot. I added tree radii to intertree distances to 
improve accuracy (Rohlf and Archie 1978). I obtained 
coordinates for 4925 trees (97.7%) using a computer 
program implementing method I1 (see Rohlf and Ar- 
chie 1978). The program was unable to estimate co- 
ordinates for the rest because of data recording errors 
and distance measurement errors, and also a program 
logic error that I describe at the end of the Results and 
discussion section. I identified 274 trees (7.7%) as hav- 
ing coordinates outside their putative plots. 

To assess the Rohlf-Ar- 
chie method, I used another method to remap the three 
last trees mapped in each plot (because ofthe sequential 
nature of the mapping program, the last trees located 
in each plot were expected to have the most accumu- 
lated error in their locations). The method used is sim- 
ilar to field mapping methods used by other forest ecol- 
ogists (Reed et al. 1989). Measuring tapes were placed 
along the sides of previously surveyed 20 x 20 m 
squares in a N/S and ElW grid. Additional tapes sub- 
divided each plot into 5 x 10 m rectangles. Relative 
Cartesian coordinates of the centers of tree trunks at 
breast height were read from the tapes by sighting to 
trees along a line perpendicular to a tape. One crew 
member stood at the tape and used a compass to sight 
from the tape to the tree while another sighted from 
the tree to the person at the tape. Mutual agreement 
on the coordinate was required. Coordinates were es- 
timated to the nearest 0.1 m. In comparing coordinates 
obtained by this method to those obtained by the Rohlf- 
Archie method, I assumed that the former were more 
accurate (closer to the true location) but less precise 
(recorded to 0.1 vs. 0.01 m). The locations from the 
Rohlf-Archie method used in this comparison were the 
initial coordinates not optimized by the least squares 
algorithm, because the least squares algorithm did not 
work for the field-collected data. 

To evaluate mapping from 
interpoint distances more accurately than could be done 
with field data, I used simulated maps. I first generated 
pairs of random coordinates within a simulated 100 
x 100 m square, and then used a search algorithm to 
generate a set of interpoint distances for input to the 
Rohlf-Archie mapping program. I developed two search 
algorithms to “map” points in patterns similar to those 
a human field crew using the Rohlf-Archie method 

Direct mapping method. 

Simulated mapping. 
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might use to map points sequentially in the field. Al- 
gorithm A placed few constraints on points chosen as 
reference points: all angles were required to be > 5” and 
<175”, the points could not form a triangle that in- 
cluded the subject point, and all reference points had 
to be previously mapped with the most recently mapped 
points searched first. This algorithm was an effort to 
model mapping by a field crew attempting an economy 
of effort but observing two constraints: avoidance of 
collinearity of reference points (angles close to 0” or 
1809, and avoidance of the logic error by proper se- 
lection of reference points. Algorithm B placed more 
stringent constraints on the selection of reference points: 

all angles were required to be >30° and < 150’ unless 
no appropriate previously mapped points could be 
found, in which case the constraints could be succes- 
sively relaxed by 5” (but always >5” and < 175”), and 
no reference point could be >40 m from the subject 
point. This algorithm avoided long distances and small 
angles, which contribute to measurement errors and 
error accumulation. 

Ten replicate sets of 4 fixed and 100 random points 
were mapped by each algorithm. Each set of interpoint 
distances was then subjected to the introduction’ of 
three levels of simulated measurement error (see be- 
low, Simulated measurement error), and the data were 
submitted to the least squares mapping program. Co- 
ordinates calculated for each point were recorded be- 
fore and after least squares optimization to assess that 
technique. All statistical tests were performed on me- 
dians of Euclidean distances from calculated locations 
to known locations for each replicate of 100 mapped 
points. All graphs show results as the median of dis- 
tances from calculated points to known locations for 
each sequence number. 

Simulated measurement error. Simulated errors 
were divided into two components: fixed and propor- 
tional errors. The fixed component can be thought of 
as precision, the implied “limits on the measurement 
scale between which we believe the true measurement 
to lie” (Sokal and Rohlf 1981). Platt et al. (1988), in 
mapping longleaf pine stands, reported that they lo- 
cated all trees “to within 50 cm of the actual position 
of the center of the tree.” Assuming that their mapping 
referred to two dimensions, this is equivalent to a pre- 
cision in one dimension of f 3 5  cm. Sterner et al. (1986) 
recorded tree coordinates “to the nearest 0.1 m,” a 
precision of f5 cm. The precision with which Rohlf 
and Archie (1978) took their measurements was not 
stated, but could be generously estimated at f 1 cm. 

The proportional component can be thought of as 
accuracy, “the closeness of a measured value to its true 
value” (Sokal and Rohlf 1981). In the literature, the 
accuracy of distance-measuring devices is sometimes 
described in ratios, e.g., 1:lOO or one part in one hun- 
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dred. In their paper, Rohlf and Archie cite such ratios 
as being characteristic of various instruments. For in- 
stance, Rohlf and Archie (1978) commented that 1:80 
is the level of distance error characteristic of using 
hand-held compasses, and they implied that their 
method can do better than 1:300. I believe that 1:lOO 
is good for field measurements under normal condi- 
tions using tapes, and that 1500 might be achieved 
under ideal conditions or by using more accurate mea- 
suring devices. 

Therefore, I selected three levels of measurement 
error to be used in the simulations: “moderate,” with 
a precision of 235  cm and an accuracy of i- 1.25% (1: 

80), “good,” with a precision of +5 cm and an accuracy 
of f 1.0% (1: 100); and “ideal,” with a precision of f 1 
cm and an accuracy of +0.2% (1500). The precision 
or fixed component of error was modeled by a random 
uniform distribution over a range from -e to +e, where 
ewas precision expressed in units of distance. The fixed 
component of error was independent of the distance 
measured, and was added to the subject distance. 

In simulating the accuracy or proportional compo- 
nent of error in intertree distance measurements, I as- 
sumed that the distances were measured without bias, 
but with random error in a Gaussian distribution about 
the true measurement with a standard deviation equal 
to a ratio describing the accuracy. The proportional 
component was represented by a Gaussian distribution 
with a mean of zero and a standard deviation of a. 
where a represented a fraction of the measured dis- 
tance. This component was multiplied by the subject 
distance and added to it. 

Results and Discussion 
Comparing trees mapped directly to those mapped 

by the RohK-kchie program, only 62% of the “last 
three” trees were located to within 3 m. One tree was 
over 23 m from its mapped coordinates. These results 
were obtained in spite of efforts to minimize error ac- 
cumulation. The procedure of mapping to comers lim- 
ited error accumulation by limiting the lengths of runs 
of sequentially mapped trees to 170 trees, and it also 
limited error magnitude, since no individual could ever 
be mapped to an object >28.3 m away (the diagonal 
of a 20 x 20 m plot). 

Using the Rohlf-Archie mapping program with sim- 
ulated data, the median error in location for all points 
increased as measurement error increased. Accumu- 
lated error resulting from error propagation also in- 
creased as measurement error increased (Fig. 1). Under 
the “ideal” measurement scenario using Algorithm A, 
some points were as much as 10 m from their actual 
locations, and under the “good“ measurement scenar- 
io, some points were as much as 60 m from their actual 
locations in the 100 x 100 m square. The more con- 
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FIG. 1. Median distances of the calculated locations from the known initial locations for 10 replicate simulated maps. 

Results are presented for two mapping algorithms, at each of three error levels, before and after least squares optimization. 
Mapping method A (a, b, and c) was less constrained in its choice of appropriate reference trees than method B (d, e, and 0. 

strained algorithm (Algorithm B, Fig. 1 d-r) did signif- 
icantly better (Wilcoxon rank-sum test, P = .0002) than 
the less constrained algorithm (Algorithm A, Fig. Ia- 
c). The Rohlf-Archie program also completed more 
maps generated by Algorithm B (39 of 40) than maps 
generated by Algorithm A (26 of 40). The difference 
between the two algorithms is due to limitations on 
angle size and length of measurements in the more 
constrained algorithm,. which made the measurement 
error term smaller (mean interpoint distance was 23.8 
m for Algorithm A, 19.9 m for Algorithm B). 

Least squares optimization on simulated data sets 
did not improve the median deviation of the coordi- 
nates at any of the error levels for either search algo- 
rithm (Fig. 1). In 1 of 10 replicates using the less con- 
strained mapping algorithm at the moderate error level, 
least squares optimization could not converge within 
150 iterations, and spectacularly worsened the esti- 
mated coordinates. Least squares optimization usually 
worsened'locations of trees mapped earlier that had. 
less accumulated error, and improved locations of trees 
mapped later that had more accumulated error. 

Propagation of errors is the most serious problem 
with the Rohlf-Archie method. There are invariably 
small errors in all measurements, and since the method 
sequentially locates individuals based on the calculated 
locations of others, errors accumulate. Finally, they 
become so large that the program is unable to continue. 

One badly located tree can have effects that are not 
noticeable until many additional trees have been lo- 
cated. This can make finding the original errors nearly 
impossible without recourse to field remeasurement. 

The logic error referred to previously (see Merhods) 
is illustrated in Fig. 2: if the three points to which 
distances are measured make a a triangle that contains 
the subject tree (Le., Angle LTC + Angle CTR > 180") 
error is introduced into the coordinates by the com- 
puter program that calculates coordinates. Three sets 
of coordinates will be calculated, but two of the re- 
sulting coordinate sets will be nearly correct and one 
will be wrong. In taking the mean of the estimated 
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FIG. 2. Illustration of the logic error (in the program of 

Rohlf and Archie [1978]) (a) correct orientation; and @) an 
orientation in which the subject tree is inside a triangle formed 
by the trees to which it is being mapped (left, center, and 
right). For the triangle made by LR, the algorithm incorrectly 
makes triangle GT1-R, rather than L-T-R. 
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coordinates from the three triangles, substantial errors 
are introduced. If the selected reference trees lie in a 
half-plane whose edge contains the subject tree (Le., 
Angle LTC + Angle CTR < 1 80°), this error is avoided. 
This constraint was not mentioned by Rohlf and Ar- 
chie (1 978), and may be due to an error in the algorithm 
(F. J. Rohlf, personal communication). The problem 
is not easily corrected after data collection, but can be 
avoided by proper reference tree selection. 

I altered a simulation data set from Method 1 with 
no introduced measurement error by changing the ref- 
erence points for point 56 such that it was mapped to 
three previous points forming a triangle that contained 
it. This triggered the error. Although the program es- 
timated coordinates for all points, point 56 was located 
5.0 m from its actual coordinates, and accumulated 
error reached 50.7 m. Least squares optimization failed 
on this set, increasing atcumulated error to 146.7 m 
without converging in 150 iterations. These results are 
consistent with problems I encountered with field-col- 
lected data. 

Conclusions 

With great redundancy of effort (e.g., Kenkel 1988), 
accurate maps can be made using interpoint distances. 
Using both field and simulated data, I have shown that 
despite moderate redundancy in measurement and the 
use of least squares optimization, the deficiencies Rohlf 
and Archie (1978) attributed to their method I (accu- 
mulation of error and difficulty of locating errors) still 
plague method 11. Unless some scheme for remedying 
these deficiencies is devised, there is no simple, rapid, 
accurate method for mapping locations using inter- 
point distances. 

Acknowledgments: I acknowledge R. G. Knox, whose 
suggestions added greatly to this work. For field assis- 
tance I thank J. S. Glitzenstein, C. Glitzenstein, K. 
Jockers, C. Liu, C. Cain, J. Worrell, and P. Calvin. 
Also, P. A. Harcombe, J. Strassmann, J. S. Glitien- 

stein, D. R. Streng, N. Kenkel. and anonymous re- 
viewers made helpful comments on earlier drafts of 
the manuscript. F. J. Rohlf dissented from the conclu- 
sions but made many helpful comments on a draft of 
the manuscript. This research was sponsored in 
paft by NSF grants number BSR83-00072 and BSR- 
84-15852 to P. A. Harcombe, and grant DEFG- 
0589ER60879 from the Ecological Research Division, 
Office of Health and Environmental Research, U.S. 
Department of Energy to R. G. Knox and P. A. Har- 
combe. 

Literature Cited 
Diggle, P. J. 1983. Statistical analysis of spatial point pat- 

terns. Academic Press, New York. New York, USA. 
Glitzenstein, J. S., P. A. Harcombe, and D. R. Streng. 1986. 

Disturbance, succession. and maintenance of species di- 
versity in an east Texas forest. Ecological Monographs 56: 

Kenkel, N. C. 1988. Patterns of self-thinning in jack pine: 
testing the random monality hypothesis. Ecology 69: 10 17- 
1024. 

Mitton, J. B., and M. C. Grant. 1980. Observations on the 
ecology and evolution of quaking aspen, Popiihis rreinzi- 
loides. in the Colorado front range. American Journal of 
Botany 67202-209. 

Platt, W. J., G. W. Evans, and S. L. Rathbun. 1988. The 
population dynamics of a long-lived conifer (Pint6 palus- 
tris). Ameiitzn Naturalist 131:49 1 - 5 5  

Reed, D. D., H. 0. Liechty, and A. J. Burton. 1989. .A simple 
procedure for mapping free locations in forest stands. Forest 
Science 35657-662. 

Robertson, J. G. M. 1984. Acoustic spacing by breeding 
males of L’peroleia nigosa (.&ma: Leptodactylidae). Zeit- 
schrift f ~ r  Tierpsychologie 61:283-297. 

Rohlf, F. J., and J. W. Archie. 1978. Least-squares mapping 
using interpoint distances. Ecology 59: 126-132. 

Sokal, R. R., and F. J. Rohlf. 1981. Biometry. W. H. Free- 
man, New York, New York. USA. 

Sterner, R. W.. C. A. Ribic, and G. E. Schatz. 1986. Testing 
for life historical changes in spatial patterns of four tropical 
tree species. Journal of Ecology 74:621-633. 

.\fanilscript received I3 Aiigtrrr 1990: 
revised 15 December 1990: 

accepted 22 December 1990. 

243-258. 

Y 



RICE UNIWRSITY 

SAPLIN'G GROWTH AND RECRIJITMXNT AS AFFECTED BY FLOOD- 
ING AND CANOPY GAP FORMATION IN A RIVER FLOODPLAIN FOREST IN 

SOUTHEAST TEXAS 

bY 
ROSINE BLOUNT W O N  HALL 

A THESIS SUBMITTED 
IN PARTIAL FULFILLMENT OF THE 
REQUIREMENTS FOR THE DEGREE 
' DOCTOR OF PHILOSOPHY 

APPROVED, THESIS COMMI'ITEE 

>c(. &KJ% I ?/ 
P.A. Harcombe, Professor and Chair, Director 

Ecology and Evolutionary Biology 

i I 

Ecology and Evolutionary Biology 

~ Arthur A. Fe6, Jr., Professor 
Space Physics and Astronomy 

Houston, Texas 
April5, 1993 



Copyright 
Rosine Blount Wilson Hall 

1993 



ABSTRACT 

SAPLING GROWTH AND RECRUITMENT AS AFFECTED BY FLOOD- 

ING AND CANOPY GAP FORMATION IN A RIVER FLOODPLAIN FOREST IN 

SOUTHEAST TEXAS 

ROSINE BLOUNT WlLSON HALL 
I used sapling pppulation data collected since 1980 to investigate how canopy 

disturbance interacts with chronic understory disturbance to determine regeneration pat- 

terns. I reconstructed flooding history using a combination of river gauging, a local 

water-level recorder, and contour maps. 1979 was an extreme flood year for this site, 

as was 1989. Reduction in flooding frequency since dam construction in 1965 was sig- 

nificant for all elevations, while reduction in flooding duration was significant only for 

the upper half of the site. 

Using constrained ordination, I showed that sapling occurrence varies primarily 

along a flooding/soil moisture gradient, and secondarily along a canopy-openness gradi- 

ent. This confums that both flooding and light influence local variation in species 

composition. 

Small sapling density increased by more than five times during the decade, 

while large sapling density increased over 70 % . I suggest that this increase is related 

to the decline in frequency and duration of flooding, and specificdlly, to the pattern of 

flooding from 1979-1989, characterized by severe flooding in 1979 and 1989. Sapling 

survivorship also responded to temporal variation in flooding over the decade. A 

damage survey revealed a size component to flooding damage, with small individuals 

making up a disproportionate share of those in the highest damage classes. In addition, 



there is a relationship between river flow and the elevation of saplings that died, sug- 

gesting that the effects of elevation are not simply related to flooding, but perhaps to 

soil moisture as well. Analyses of sapling growth suggest that there is a trade-off 

between tolerating flooding in wet years and being subject to moisture stress in dry 

years. 

I presented evidence that canopy gaps play an important role in determining sap- 

ling growth. Gaps appear to be crucial to the continued success of large saplings, and 

the fastest-growing individuals are found in them. This may also confer a measure of 

flood-tolerance related to sapling size. 
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3. SPATIAL PATTERNS IN SAPLING OCCURRENCE 

Introduction 

Ecologists have accumulated much empirical evidence that the vegetation char- 

acteristic of river and stream floodplains varies dramatically from the vegetation found 

on sites where flooding is absent. Many ecological investigations of the composition of 

floodplain communities and their successional status were conducted in this century 

prior to 1950 (Gow, 1904; Wells, 1928; Brown, 1929; Hefley, 1937; Ware and Pen- 

found, 1949). Since 1950, many studies have focused on the growth and survival of 

trees or seedlings experimentally exposed to flooding (see for example Hunt, 1951; 

McDermott, 1954; Hosner, 1957, 1958, 1960; Briscoe, '1961; Hosner and Boyce, 

1962; Kennedy, 1970; Loucks and Keen, 1973). Much information on the relative 

flood tolerance of vfious species has been summarized by the National Stream Altera- 

tion Team of the U.S. Fish and Wildlife Service (Teskey and Hinckley, 1977) for 

several regions of the U.S.A. 

Since 1960, much has been learned about the chemistry and physics of flooded 

soils and the physiological responses of plants to flooding. Excellent reviews of this 

literature are also available ("eskey and Hinckley, Vol. I, 1977; Kozlowski, 1984). 

With the advent of ordination techniques and their common use in studies of the 

geographic variation of vegetation, much empirical information has been developed 

which shows that at specific locations, bottomland species may respond to both soil and 

moisture gradients wohler, 1979; Frye and Quinn, 1979; Robertson et al., 1978; 

Robertson et al., 1984, Dollar et d., 1992). Mohler (1979) was able to demonstrate 

that floodplain vegetation in the lower Neches drainage is "controlled primarily by a 

complex gradient of flooding and soil moisture factors." For understory species, he 

also showed that species richness was related to the flooding/soil moisture gradient, 

with low species richness at the hydric end of the gradient and high richness at the 



86 

mesic end. He also presented much anecdotal evidence that the Occurrence and density 

of understory trees, shrubs, and vines was related to the presence of canopy gaps. 

Others have shown that certain vegetation types are associated with certain morphologi- 

cal features (bars, terraces, or floodplains) of drainageways (Hupp, 1982, 1983; Hupp 

and Osterkamp, 1985). Finally, several authors found that bottomland species distrib- 

utions were strongly affected by relative elevation (Bell, 1974, 1980; Bell and del 

Moral, 1977). 

To summarize, it is clear that bottomland vegetation is physically and 

physiologically well-adapted to flooding, and that in areas that flood, these species will 

survive better than species not adapted to flooding. In addition, it may be the case that 

within that class of vegetation adapted to repeated flooding, certain species are often 

associated with certain levels of flooding frequency and duration. It is not entirely 

clear whether these putative associations are caused indirectly by differences in seed 

distribution, soil moisture, soil texture, soil chemistry, and elevation, or directly by the 

physical and physiological responses (e.g., death or poor growth) of the plants to flood- 

ing frequency, or both. 

I hypothesized that spatial and temporal patterns of sapling growth and occur- 

rence at the Neches Bottom study site coincide with patterns of light enrichment, within 

constraints set by periodic flooding. As a partial test of this hypothesis, I here present 

the results from an ordination analysis which examines the Occurrence of saplings of 

various species with respect not only to patterns of light enrichment and flooding, but 

to soil characteristics as well. 

All of the previously-cited bottomland ordination studies were conducted using 

mature trees rather than saplings. Mohler (1979) attempted to ordinate the understory 

communities of the lower Neches drainage, but gave up the effort as hopelessly com- 

plex. He found that because of high variability in diversity, cover, and species com- 
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position among plots, the ordination returned many axes of nearly equal importance, 

each determined by a few stands, and none well-correlated with topographic position or 

variation in soil properties as he measured them. In explanation, Mohler (1979) com- 

mented that small individuals are influenced by factors which vary at spatial and 

temporal scales too small to affect mature trees. Small plants are less capable of 

integrating over time and space than large trees both because the variation in the 

environment they "see" is smaller, and because they lack stored carbohydrate reserves. 

Because they are small, they are more affected by local variation, both spatial and 

temp oral. 

I have attempted to characterize environmental variability for this site at a finer 

scale more appropriate to the scale at which saplings interact with their environment. 

Measured soil characteristics include texture and available nutrients. I also made very 

detailed estimates of elevation within each plot. I used geostatistical techniques 

(Robertson, 1987; Robertson et al., 1988) to characterize spatial variability and kriging 

to estimate the values of environmental variables over entire sampling units (plots). 

The analysis uses constrained ordination (canonical correspondence analysis - CCA) of 

sapling occurrence, wherein axes of variation in species abundance are constructed 

which maximize the linear fit to measured environmental variables (Ter Braak, 1987; 

Ter Braak and Prentice, 1988). If light and elevation are identified as significant 

environmental variables as compared to available nutrients or soil texture, then this 

would be strong support for my hypothesis. Both will be explained in more detail 

below. 

A brief introduction to ordination 

Eigenvector techniques such as principal components analysis (PCA) have long . 

been used in studies of spatial distributions of organisms to summarize data by reducing 

dimensionality of large, sparse matrices (Gauch, 1982). The data matrices can be 
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thought of as an m a y  of data about a number of vegetation sample plots. Each row 

represents one of the plots, and each column represents one species. The value in each 

cell could be the actual abundance or relative abundance, or even a binary 0 or 1 

representing the presence or absence of that species in that plot. The data can also 

undergo columnwise transformation prior to analysis; 

In PCA, several mutually orthogonal (e.g. uncorrelated) linear axes (the eigen- 

vectors) are extracted from the multi-dimensional data cloud. In theory, each axis is 

thought to represent some environmental factor which is determining the landscape 

position of species. The plots or species can be ordered with respect to each of the 

axes, hence the name "ordination:" The distances between plots or species on each axis 

are thought to represent some index of similarity. Associated with each eigenvector is 

a characteristic value, called the eigenvalue, which is always a number between 0 and 

1. Multiplied by 100, the eigenvalue is taken to represent the percent of variance 

explained or accounted for by that axis per Braak, 1987). 

A number of modifications of this basic technique have been developed. Direct 

gradient analysis techniques are those in which species abundances are described as 

some (often linear) function of measured environmental variables. Indirect gradient 

analysis techniques are those in which uncorrelated "latent'' axes of variation in species 

abundances are extracted, that can later be tested for correlation with measured 

environmental variation p e r  Braak and Prentice, 1988). I used both in the analysis of 

these data. 

Geostatistical analysis of environmental variables 

Spatial autocorrelation (similarity of samples close to one another) is common in 

"random" sampling of environmental variables (Robertson, 1987). The presence of 

autocorrelation may prevent such data from meeting assumptions required for unbiased 

statistical estimation of population parameters. Recent developments in the theory of 
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spatial variability have been applied to the problem of estimating (interpolating) the 

values of parameters at known (but unsampled) locations based on the sampled values 

of those parameters at other known locations. Such interpolation of spatial data has 

come to be known as "kriging" (see Cressie, 1990 for a review of the origins and 

development of kriging, and Cressie, 1991 for a synopsis of theory). Together, several 

techniques for modeling autocorrelation, others for describing spatial structure graph-' 

icaUy, and a suite of algorithms for kriging comprise "geostatistical analysis" or 

"geostatistics. 

Autocorrelation is described by a statistic called the variogram, denoted as 

2I'(h). The estimator of the variogram (Cres'sie, 1991) is given as 

where 2 is a random spatial process measured at points s with known locations, and 

N(h) is the number of observations where the distance between the pairs of observa- 

tions is h (this distance is often cded  the "lag"). Many authors have used instead the 

quantity I'(h), called the semivariogram (e.g. Webster, 1985; Robertson, 1987), to des- 

cribe spatial autoconelation. Plotting the variogram or semivariogram values against 

the appropriate lags graphically demonstrates how autocorrelation changes with increas- 

ing distance between sample points. Smooth curves describing the variogram or semi- 

variogram are estimated by eye or may be fit using non-linear regression techniques. 

There are three basic parametric models which are commonly used to approximate the 

semivariogram: linear, spherical or exponential. 

. .~ 
*L 
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Methods 

The study site consists of a 4 ha area divided into one hundred contiguous 20 x 

20 m quadrats Figure 24). For these plots, tree growth and tree mortality have been 

measured periodically since 1980 on all trees >4.5 cm dbh (growth measurements in 

1980, 1982, 1985, and 1989; mortality measurements annually). All trees in these 

plots are individually numbered and their relative locations have been mapped. On fif- 

teen randomly selected quadrats, sapling recruitment, growth, and mortality have also 

been measured annually since 1980. All saplings in these plots are individually num- 

bered and their approximate locations have been recorded. Data on seedling germina- 

tion, growth, and survivorship for this site have been collected; account of this work 

can be found in Streng (1986) and Streng, et al.,(1989). 

In addition to the 15 random 20 x 20 m plots for' saplings (random plots), 29 

plots Figure 25) were also set up, centered on vegetation clumps present in 1981. 

These plots will be referred to as patch-centered plots. Of the total, 26 were 25 m2 

circular plots, 2 were 2 x 5 m rectangular plots located on islands within the main 

slough which crosses the site, and one was a 100 m2 circular plot. An additional 25 m2 

plot (plot 33) was set up in 1985. 

Sampling protocol for random and patch plots 

Random and patch plots are sampled every year in May, June or July. All indi- 

viduals above 50 cm in height and less than about 4.5 cm dbh (diameter at breast 

height) are included in the census. An individual is no longer measured when it 

becomes larger than 9.9 cm dbh. or it dies. Small saplings are defined as being 

between 50 cm and 140 cm in height. Heights on all small saplings are measured 

annually. Height is measured as the vertical projection from the ground to the tallest 

living bud (not highest point of leaf). We also measure individuals with tags that have 

died back and =e currently shorter than 50 cm. We continue to follow them until they 
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Figure 24. Schematic of Neches Bottom Study Site showing 100 contiguous 20 

x 20 m plots and fifteen randomly selected sapling plots. 
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Figure 25. Schematic of Neches Bottom Study Site showing the locations of 

patch-centered plots. 
, I  
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die. If they are less than 10 cm, we record their height as 10 cm, to avoid confusion 

with larger individuals for which we measure diameters. In addition, whether an indi- 

vidual was found under a canopy opening or under closed canopy was noted. 

Large saplings are defined as being taller than 140 cm (breast height, by defini- 

tion) and 9.9 cm dbh or less. Diameters are measured on all large saplings using 

diameter tapes. If an individual is forked below 140 cm, the single largest stem above 

breast height is measured. 

In certain plots, the amount of new ingrowth in some years was too great for 

each new individual to be tagged. In these plots, systematically selected individuals 

were flagged in a different color and counted rather than being measured. The individ- 

uals were selected in such a way that no bias was introduced to the growth and 

mortality measurements (e.g. for all ingrowth in a very dense plot, we might decide to 

place blue flags on two out of every three ingrowths of a certain species, and tag and 

measure the third). Counts were recorded by species and size class and whether living 

or dead. When these individuals moved from the small to the large size class, all 

were tagged. 

Hemispherical canopy photography 

Five methods have been used by investigators in measuring or quantifying light 

penetration to the forest floor: area survey techniques of sunfleck paths, durations, and 

gap coverage; PAR sensors or sensor arrays for instantaneous or integrated PAR 

measurements; photochemical characterization of integrated daily PAR; computer 

models of sunflecks or of idealized canopy openings; and analysis of hemispherical 

canopy photos (Chazdon, 1988; Friend, 1961; Canham, 1988). 

For this study, I have adapted the method of Chazdon and Field (1987a,b), 

which is a computerized method adapted in turn from a manual technique developed by 
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Anderson (1964) for the analysis of hemispherical (fish-eye) canopy photographs to 

estimate incoming solar radiation. The method estimates two components separately: 

diffuse radiation coming in from the atmosphere, and direct solar radiation. To 

estimate the diffuse component, Anderson divided a hemispherical photo into compart- 

ments, each contributing an equal percentage of total illuminance based on the distrib- 

ution of radiation from a "Standard Overcast sky". She then classified each compart- 

ment as either canopy or sky, and calculated percent sky as an estimate of available dif- 

fuse radiation. To estimate the direct beam radiation component, she superimposed a 

daily solar track for the appropriate latitude and season on the photograph, and 

estimated hour by hour the percentage of direct light reaching the location of the 

photograph. 

The computer program SOLARCALC, written by Chazdon and Field to 

automate the Anderson method, was modified slightly for use with different scanning 

hardware. The hemispherical photos were scanned using Macvision, a system which 

digitizes the output of a regular video camera., Canopy openness was then estimated 

using SOLARCALC. 

Hemispherical canopy photos were taken at the center of each gap plot from 

1985-1989, and, where the putative canopy opening was not centered over the plot, at 

the center of the canopy opening. All photographs were taken during the summer 

growing season, at about the same time that the random and patch plots were sampled. 

Additional canopy photos were taken at the centers of each of the 100 20 x 20 m plot in 

1989, including the fifteen random sapling plots. Photos were taken in the following 

way. At each location, the tripod was set up with the camera and fisheye lens directly 

over the marker. The lens was leveled' and the bottom of the camera was positioned 

facing due south and this was checked with a compass. Photographs were generally 
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taken in early morning or late afternoon when the sun angle was low. More consistent 

exposures can be achieved when the sun is not in the photo. , 

I conducted several studies to analyze sources of variation in taking and process- 

ing of the photographs. Chazdon and Field developed each negative and scanned the 

resulting print a single time. By doing so, they ignored a source of variation or bias 

associated with development of the photographs. Because I scanned negatives directly, 

I had to make decisions about thresholds between vegetation and sky, and I had to 

adjust the hardware manually to achieve the optimum scan of each negative. The 

process was, in part, subjective. This is analogous to changing exposure time when 

printing negatives. By self-training and the exercise Df c x e  in making decisions, I was 

. * .  

able to reduce the level of variation associated with this process to approximately 10% 

as measured by the coefficient of variation. .Thus, for all photographs used, I scanned 

each negative five times, and took the median prior to conducting any statistical test. 

The median is a measure of location that is resistant to outliers compared to the mean. 

Thus, if I made one or even two errors in judgment in scanning, the median would be 

closer to the true value. Possible sources of variation other than decisions about 

threshold were less than 1 %, and thus were neglected in further analyses. 

I also tested the results against manual scoring using the Anderson (1964) tech- 

nique. I used the Anderson technique to hand score 6 randomly selected photos. Each 

was hand-scored twice to assess the variability of the technique. The difference 

amounted to less than 1 % in all cases. The six chosen photos represented values for 

percent sky at the low and middle parts of the range because they are the most com- 

mon. Therefore, I selected three more photos which apparently had larger percent sky, 

and hand-scored them by the same method. A linea regression relating percent sky as - 

estimated by SOLARCALC to that estimated manually was significant @ = 544.78,P 

< O.OOO1 , r2 = .9873). The calculated intercept was negative (-0.199), and was not 



98 

significantly different from zero. The slope was positive and close to one (1.144). 

Thus, I concluded that the Macvision scanning and the use of SOLARCALC adequately 

estimates percent sky as determined by the Anderson method, and that further applica- 

tion of the Anderson technique was not required. 

Canopy photographs were taken at each patch plot center for five years (1985- 

1989). Additional photographs were taken at different locations for some patches over 

the same period. Canopy photographs were taken in the center of each 20x20 m plot in 

May of 1989 (n=lOO). 

Characterization of soil properties 

One hundred soil samples were taken at the Neches Bottom study site, each ran- 

domly located within a different 20 x 20 m quadrat. At each location, the litter layer 

was brushed aside and two cores of the top 10 cm of mineral soil were obtained 0.5 m 

apart and composited. The soils were returned to the lab and air dried. Once dry, they 

were sieved through 4 mm and 2 mm sieves, thoroughly mixed, and the coarse roots 

were removed. A portion of each composited sample was retained for analysis of soil 

texture, while a subsample was sent to the Cornell Nutrient Analysis Laboratories for 

chemical analysis. Estimates of available phosphorus, potassium, magnesium, calcium, 

iron, aluminum, manganese, zinc, and copper were determined from an extraction with 

Morgan's solution. Estimates of pH, exchange acidity, and available nitrate were made 

from a soilwater suspension. Soil texture determinations were made using the 

hydrometer method (Klute, 1986). 

Geostatistical analysis of environmental variables 

The fitting of parametric models describing the shape of the semivariogram for 

each environmental variable was performed using non-linear least-squares curve fitting 

functions (Chambers and Hastie, 1992) available in S-PLUS (Statistical Sciences, Inc., 

1991). A type of kriging called "block kriging" was performed using software (GEO- 
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EAS, Englund and Sparks, 1988) available from the USEPA. Block kriging estimates 

the value of one or more variables for a square sampling unit from the average of a 

grid of point estimates within the sampling unit. For the purposes of the estimating the 

values of environmental variables for the random plots, I set the block size as 20 m x 

20 m, centered on the coordinates of the center of each random plot. For estimating 

the values of environmental variables for the patch plots, I set the block size as 2.5 m, 

centered on the coordinates of the center of the patch plot. Separate analyses of spatial 

autocorrelation wer.e performed for each of the following environmental variables: per- 

cent sand, percent clay, relative eleyation, .weighted percent sky, available phosphorus, 

available calcium, available iron, and available nitrate. Th-e other environmental vari- 

ables were not used in this analysis because they were judged by visual evaluation of 

scatterplots to be correlated with at least one of the other variables selected. 

Ordination of sample plots 

The program CANOCO (Ter Braak, 1987) was used to perform all gradient 

analyses reported here. I first conducted a correspondence analysis (CA), a form of 

indirect gradient analysis, on the sapling abundance data from both random and patch 

plots (Hill, 1974). The CAS were done as a means of determining the total amount of 

variation which could be explained by unconstrained ordination techniques. The 

program CANBOOT (Knox and P e t ,  1989) was used to evaluate how many stable 

axes were present in the CAS by bootstrap resampling and the calculation of the scaled 

rank variance (SRV) statistic. The calculation of SRV is only appropriate with indirect 

gradient analysis. 

Canonical correspondence analysis (CCA) (Ter Braak and Prentice, 1988; Ter 

Braak, 1989, a form of direct gradient analysis, was then used to examine the portion ’ 
of variation in species composition that could be explained by variation in measured 

environmental variables. CANOCO allows forward selection (preliminary analysis) of 



100 

environmental variables so that consideration may be limited to environmental variables 

which add significantly to the fit of the model. Only environmental variables which 

were significant ( p < 0.1) were added to the model. Monte Carlo permutations were 

used to test how often random permutations of the data would produce axis eigenvalues 

as large as or larger than those actually obtained from the data (Ter Braak, 1987). The 

data used in these analyses were the average abundances for each species within each 

quadrat over the decade. Time trajectories in species composition were examined by 

using the CCA species scores. to calculate site scores for each quadrat for each year, 

and plotting the convex hull (the smallest convex polygon enclosing all points) of these 

points by year. 

Description of spatial variation of environmental variables at Neches 

Bottom 

ComDarison with regional data 

Marks and Harcombe (1981) measured many of the same soil parameters in 

their study of the Big Thicket region. Compared with these data for approximately 90 

sites (including the Neches Bottom study site), the Neches Bottom study site is finer in 

texture, and richer in exchangeable cations than the norm (Figure 26). It is lower in 

available phosphorus, but there are a large number of individual plots at the Neches 

Bottom Study site that are high in available phosphorus, appearing as outliers on the 

boxplot. Iron, aluminum, and manganese appeared to be both higher and more vari- 

able at the study site than for the region as a whole. This is probably due to the effects 

of long periods of anaerobic conditions which often prevail at the study site, reducing 

the metals and making them more soluble (Ponnamperuma, 1984). 

Semivariograms and kriging - results 

Fitted semivariograms (Figure 27) describing spatial autocorrelation in selected 

variables indicate that there is some degree of spatial dependence characteristic of each 
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Figure 26. Boxplots of soil parameters for Neches Bottom Study Site compared 

to boxplots for the Big Thicket regional dataset of Marks and Harcombe (1981). Aside 

from the percentages and the pH measurement, all units are in mg/Kg. 
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Figure 27. Fitted semivariograms for Neches Bottom environmental variables 

measured at known locations. a) relative elevation (m); b) percent clay; c) percent 

sand; d) weighted percent sky; e) available phosphorus (mg/Kg); f) available calcium 

(mg/Kg); g) available iron (mg/Kg); h) available nitrate (mg/Kg). 
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of the variables within the range of 40 to 100 m. By the time the lag distance between 

points reaches (40-) 100 m, there is essentially no relationship between measured 

values. 

The kriged values were used to construct contour maps for each of the following 

variables: relative elevation, weighted percent slq, percent sand, percent clay, available 

nitrate, available phosphorus, available iron, and available calcium. Examination of 

these contour maps revealed several very interesting patterns. For elevation (Figure 

28), the slough is the most visible feature, along with some depressions that become 

secondary drainages when water is‘high. For canopy openness, there is a large gap at 
. I  

the eastern edge of the site (Figure 29), and a dark patch to its immediate southwest. 

The pattern of many of the other variables is related in some way to the pattern of 

elevation. Areas of highest sand percentage (Figure 30) were found within the slough, 

and within depressions. Clay percentages (Figure 31) were lowest in the slough, and 

highest on the higher ridges. Patterns of available nitrate (Figure 32) are peculiar, 

apparently responding to patterns in elevation and soil texture on the western side of the 

plots, and being uniformly below detection limits in the northeast comer. Patterns of 

available phosphorus (Figure 33) are not clearly related to elevation. Available iron 

(Figure 34) is also highest in the slough and in low swales. Calcium (Figure 35) and 

phosphorus appear to have somewhat complementary spatial patterns, but with some 

indication that lower elevations have lower available calcium. 

SDecies elevation Datterns 

I used the block’laiging data on the 2.5 m blocks (see methods) to estimate a 

relative elevation for each sapling in both the random plots and in the patch plots based 

on the x-y coordinates of the sapling: I then calculated a mean elevation for each 

species, and conducted a non-parametric analysis of variance (Kruskal-Wallis) to test 

for overall species differences. The one-way analysis of variance was significant for 
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Figure 28. Contour map of relative elevation for Neches Bottom Study Site. 
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Figure 29. Contour map of weighted percent sky for Neches Bottom Study 

Site. 
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Figure 30. Contour map of percent sand for Neches Bottom Study Site. 
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Figure 31. Contour map of percent clay for Neches Bottom Study Site. 
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Figure 32. Contour map of available nitrate for Neches Bottom Study Site. 
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Figure 33. Contour map of available phosphorus for Neches Bottom Study 

Site. 
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Figure 34. Contour map of available iron for Neches Bottom Study Site. 
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Figure 35. Contour map of available calcium for Neches Bottom Study Site. 
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both the random plots (X2 = 36.106, p 2 0.0296, maximum n=15) and for the patch 

plots (xz = 43.727, p 2 0.0016, maximum n=24), indicating that there were sig- 

nificant differences among species in mean relative elevation. I then used a parametric 

anova with individual pairwise Bonferroni t-tests for differences among species (Table 

6) for random plots and patch plots separately. 

Table 6. Mean relative elevations (m) for Neches Bottom saplings in random and patch 
plots 1980-1990. Species not significantly different in relative elevation based on Bon- 
ferroni t tests have the same letter. 

Species Elevation in Species . Elevation in 
Random Plots Patch Plots 

Chenybark oak 1.23 a Basket oak 1.19 a 
Basket oak 1.17 a Cherrybark oak 1.18 a 
American holly 1.17 a Water oak 1.15 ab 
Water oak 1.14 ab Laurel oak 1.14 ab 
Sweetgum 1.11 bc American holly 1.14 abc 
Laurel oak 1.08 c Sweetgum 1.08 acd 
Red maple 1.04 d Ironwood 1.07 d 

1.05 de 
0.99 ef 

Ironwood . 1.01 d Tallow 
Tallow 0.98 d Red maple 
Water hickory 0.98 de American elm 0.94 fg 
American elm 0.92 de Overcup oak 0.86 g 
Overcup oak . 0.92 de Water hickory 0.83 g 
Cypress 0.82 e Cypress 0.55 h 

I 

Bas.ed on this table, there is an ordering of species with respect to elevation, at 

least in the sapling stage. In general, there appear to be.three groups: the highest 

group, with' cherrybark oak, basket oak, American holly, water oak, and sweetgum, the 

middle group, with red maple, ironwood, and tallow, iind the lowest group with water 

hickory, American elm, overcup oak, and bald cypress. Streng et al. (1989) also 

estimated relative elevation for individuals at this site (Table 7). Note that the relative 

elevation calculated by Streng et al. (1989) does not use the same reference elevation. 

Thus only the ranks of individual species are directly comparable. 
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Comparing saplings to trees, the ordering is the same except for ironwood, 

which appears to be relatively lower in the sapling plots than in both the tree plots and 

the seedling plots. Given that there was a large amount of ironwood death over the 

decade, especially among large saplings, and a large amount of ingrowth among small 

ironwood saplings (see next chapter), this suggests that over the decade, ironwood 

experienced differential mortality with elevation (more death at high elevations), and 

perhaps differential ingrowth with elevation as well (more recruitment at lower eleva- 

tions). 

Table 7. Mean relative elevations (m) for Neches Bottom trees and seedlings from 
Streng et al, 1989. Note that relative elevation is based on a different reference eleva- 
tion. 

Species Elevation in Species Elevation in 

1980-1982 1981 1982 
Tree Plots seedling Plots 

American holly 0.87 American holly 0.90 0.70 
Ironwood 0.80 Ironwood 0.87 0.83 
Basket oak 
Cherrybark oak 
Water oak 
Sweetgum 
American elm 
Red maple 
Overcup oak 
Water hickory 
Cypress 

0.80 
0.76 
0.77 
0.75 
0.72 
0.64 
0.54 
0.48 
0.39 

Water oak 
Sweetgum 
Red maple 
American elm 

f 

0.80 0.78 
0.72 0.73 
0.68 0.75 
0.47 0.72 

Random plot ordination results and discussion 

I conducted a canonical correspondence analysis (CCA) on the mean sapling 

abundance data over ten years from the random plots. There were 15 samples (sapling 

plots) and 19 species of woody saplings found on the plots. The numbers of individu- 

als of each species in each plot were the response variables. There were eight environ- 

mental variables available for use in the model either as environmental variables with 
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which to constrain the axes, or as covariables: elevation, weighted percent sky, percent 

sand, percent clay, available phosphorus, available iron, available calcium, and avail- 

able nitrate. During forward selection and testing of environmental variables, elevation 

was the most significant predictor, followed by percent sky. No other variables added 

significantly to the amount of variation explained. 

In the species-environment biplot (Figure 36), the angle between the environ- 

mental variables and the axes represents correlations: elevation and axis 1 have a cor- 

relation coefficient of -.947, while weighted percent sky and axis 2 have a correlation 

coefficient of -.759. One can also see the species spread quite nicely along the two 

axes. Table 8 presents the summary of the results of the CCA. Ter Braak suggests 

that eigenvalues for individual axes below .02 are meaningless, while values of .30 or 

more are quite good in ecological applications (Ter Brads, 1987). 

Table 8. Summary of CCA results for Neches Bottom Random Sapling Plots 

Axes 1 2 3 4 

Eigenvalues .150 .042 .057 .051 
Species-environment correlations .947 .771 .OOO .OOO 
Cumulative percentage variance 
of species data . 32.8 42.1 54.6 65.8 
of species-environment data 78.1 100.0 0.0 0.0 

Sum of all unconstrained eigenvalues 
Sum of a l l  canonical eigenvalues 

0.455 
0.192 

One way of assessing the strength of the environmental variables in determining 

species patterns is to compare a constrained ordination (in this case, CCA) to an 

unconstrained ordination (CA). An unconstrained (indirect gradient analysis) would 

explain the maximum amount of variation in the data: if the first eigenvalue drops 

greatly in the direct gradient analysis (constrained ordination) then the environmental 
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Figure 36. Neches Bottom Random Sapling Plot ordination diagram. Plot of 

species (points) and environmental variables (arrows). 
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variables do not explain as much of the variation. Comparing the first eigenvalues, the 

drop is 11 % (CA =. 169, CCA = . lSO), a rather modest decline (R. G. Knox, per- 

sonal communication). This indicated that there is some variance unexplained by the 

environmental variables, which is also indicated in the CCA results by the third and 

fourth eigenvalues (the first two unconstrained axes) exceeding the second eigenvalue 

(for the last constrained axis). 

Another reason for using the CA was to allow the use of techniques developed 

by Robert G. Knox (Knox and P e t ,  1989; Knox, unpublished) to calculate an SRV 

statistic to indicate how many axes of variatiomare stable and therefore safe to inter- . -  
pret. Although these results are not directly transferable to constrained ordination axes, 

they can be used as an indication of how many axes are stable (Knox, personal com- 

munication). In early runs of CANBOOT, rare species gave me numerical problems 

which occasionally would not allow the program to converge to a solution, and possibly 

inflated the SRV, since with bootstrap resampling they were absent from some boot- 

strap samples. Therefore, I used the option of making rare species passive (giving 

them weights of zero) in the CA. The six rare species were Celtis laevigata, Cornus 

drummondii, Platanb occidentalis, Taxodium distichum, Fraxinus caroliniana, and 

Planera aquatica. This eliminated my convergence problems, and gave similar results 

in species and plot rankings on the first two axes. Species rankings on the first two 

axes were v e s  similar (with several reversal of species next to each other on the gradi- 

ent), whether the six species were weighted as zero or not, showing that the same 

underlying gradients are affecting the common species. In general, the higher the SRV 

statistic, the more likely that the data are actually randomly ordered. My calculated 

SRV statistics for the first two axes fell below critical values determined by simulation 

for the number of species in the data (Knox, unpublished), indicating that there are 

most likely two interpretable axes in these species data. 
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CANOCO also offers a test for assessing the significance of the first canonical 

axis: a Monte-Carlo permutation test which tests the species-environment relationship. 

Using the Monte-Carlo test, the first canonical axis was found to be significant (p = 

.Ol). I repeated the ordination with first axis loadings as a covariable in order to test 

the second canonical axis and it was also significant (p = -02). Several statistical 

indications (relatively small drop in first eigenvalue, SRVs smaller than the critical 

level, and permutation test results) suggest that the axes I recovered are stable and 

interpretable, while high and significant correlations of elevation with axis one and per- 

cent sky with axis two suggest that these two factors are important in determining pat- 

terns of species abundance at this site. The fust two axes combine to explain 42% of 

variance explainable by eigenvector analysis in the species data. 

Comparison of Tit-axis scores to flood-tolerance rankings 

I have compared species' first axis ranking with flood tolerance rankings 

obtained from the literature (Table 9). With very few exceptions, the saplings are 

ordered with respect to elevation as the species flood tolerance ranks from the literature 

suggests. If the literature rankings are based on experimental or anecdotal observations 

of flood tolerance, and not simply their elevations, this is strong evidence that the 

underlying environmental factor associated with elevation is flooding. To the extent 

that they are consensus tolerance rankings based on field observations of elevation, then 

these results represent objective confirmation that local patterns correspond to broadly 

perceived patterns from the literature. 

Comparison of second-axis scores to shade-tolerance ranking 

In Table 10, I compare species' second axis ranking with shade tolerance rank- 

ings obtained from the literature. Unlike the last table, the second axis rankings are 

only weakly associated with the species shade tolerance rankings. There are at least 

three possible reasons. First, of course, one can see from this table that the literature 
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Table 9. Species ranking an Axis 1 of the CCA, with literature values 
for flood tolerance. 

Axis 1 Literature Flood Tolerance 
Species Ranking MHLJ WKS M & G  TH 

Water elm Tolerant I1 I1,III T 
Sycamore Moderate IKI-v IV, v ,  VI T 

Overcup oak Moderate 111 II1,IV T 
American elm Moderate IV IV , v, VI T 

Red maple Moderate 111 III,IV,V,VI T 

Carolina ash Tolerant I1 .* II1,IV - 
Laurel oak Moderate IV m,rv,v - 
Water oak . Mod-Weakly V IV, v, VI T 

Black gum Weakly Tol. v,vI: T 
Cherrybark oak Weakly Tol. - IV,V - 
American holly Weakly Tol. V V,VI I 
Basket oak Weakly Tol. V N,V,VI I 

(Predicted most flood tolerant) 
Bald Cypress Tolerant 11 11, I11 VT 

Water Hickory Moderate 111 m,rv IT 

Tallow - - - - 

Ironwood Weakly Tbl. . IV IV,V IT 
Sweetgum Moderate IV IV,V,VI T-VT 

Hackberry Mod. to Int. IV IV,V,VI IT - 

Rough-leaf dogwood Tolerant - - - 
(Predicted least flood tolerant) 

WKS - Wharton, Kitchens, and Sipe, 1982. 
II,III - active floodplain, including swales 
IV - flats and back swamps 
V - levees and relict levees and tenaces 
VI - floodplain-to-upland transition 

MG - Mitsch and Gosselink, 1986. 
II - intermittently exposed 
111 - semipermanently flooded 
IV - seasonally flooded 
V - temporarily flooded 
VI - intermittently flooded 

TH - Teskey and Hinckley,1977 
VT - very tolerant 
T - tolerant 
IT - intermediate tolerance 
I - intolerant 

MNLW - McNight et aI., 1981. 
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Table 10. Species rankings on Axis 2 of the CCA with literature values 
for shade tolerance. 

Axis 2 
Species BH Growth MHLJ 
Ranking Ranking 

Literature Shade Tolerance and Growth Rank 

(Predicted most shade tolerant) 
Hackberry - - Very tolerant 

Sycamore MED - Mod. intolerant to intolerant 
- - Carolina ash Intermediate 

Black gum INT 10 Intermediate 
Bald cypress MED 8 Intermediate 
Basket oak .. m . 4  Moderately intolerant 
Laurel oak . TOL 5 
Tallow 1 
Water hickory - 11 Intermediate 
Red maple TOL 2 Tolerant 
Ironwood TOL 3 Very tolerant 
Overcup oak MED 7 Moderately intolerant 
Water oak INT 5 Intolerant 
Sweetgum INT 3 Intolerant 
American holly TOL 6 Very tolerant 
Cherrybark oak - 4 Intolerant 
Water elm - 12 Tolerant 
Rough-laf dogwood - Tolerant 
American elm MED 9 Tolerant 

BH - Bums and Honkala, 1990. 
MHLJ - McNight et al., 1981. 

Intermediate to Intolerant - - . .  

Cpredicted least shade tolerant) 

is not in monolithic agreement about the shade tolerance of even the few species listed 

here (see Laurel oak). Second, there may be a species-specific interaction between 

moisture availability and shade tolerance. Fowells (1965) notes that in bottomlands, 

small sweetgums are said to be intermediate in shade tolerance. Elsewhere 

(presumably where water is limiting), Powells classifies sweetgum as shade-intolerant. 

Thus shade tolerance indices for species over their whole environmenhl ranges might 

not hold for well-watered sites. Third, whether a species is shade tolerant or not does 

not convey the whole of its light relations or requirements. The growth data indicate 
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that all species do better in gaps (chapter 5) regardless of their shade tolerance ranking. 

Thus, while shade tolerant individuals may be able to persist under lower light condi- 

tions where shade intolerant species would be eliminated, these data suggest that they 

are not limited spatially to small gaps or low-light conditions. 

~ * -  

To reiterate, the demonstrated relationship between species distributions and - -  

elevation on Axis 1 needed reasonable agreement with species flood tolerance rankings 

to make the connection between elevation and flooding explicit. That Axis 2 is corre- 

lated to a quantitative measure of canopy opening is not in doubt. This analysis indi- 

cates that species are assorted across a gradient of canopy openness, not necessarily in 

accordance with their physiological shade tolerance. 

Random Plot Ordination Trajectories 

Since I have a decade of annual data, I have the opportunity to look at trends or 

time trajectories in ordination space. Figure 37 shows the resultant vector for each ran- 

dom sapling plot over the decade. Four of the five lowest plots show net movement 

toward the other plots, and seven of the remaining eleven plots show net movement 

downward on Axis 2. Two trajectory summary diagrams for the random plots are 

shown in Figure 38; one (a) is from 1980 to 1990 with 1990 appearing at the top, while 

the other @) is the exact reverse, with 1980 appearing on top. Diagram 38a clearly 

shows apparent net movement of'the plots "up" the elevation gradient. The lowest 

elevation plots over the decade filled in with species that are less flood-tolerant, making 

them appear to be at a higher elevation than they really are. They became more similar 

to the less-flooded plots. This supports the notion that decreased flooding has led to 

increased sapling recruitment. Figure 38b also clearly shows apparent net movement of 

the plots downward on Axis 2, toward larger gaps. Thus, a eight plots came to look 

more like higher-light plots over time, while three plots became more similar to lower- 

light plots. 
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Figure 37. Ordination trajectory diagram for Neches Bottom Study Site Ran- 

dom plots for 1980-1990. 
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Figure 38. Trajectory Summary diagrams for Neches Bottom Study Site Ran- 

dom plots for 1980-1990. Time trajectories in species composition were examined by 

using the CCA species scores to calculate site scores for each quadrat for each year, 

and plotting the convex hull (the smallest convex polygon enclosing all points) of these 

points by year.(a) is from 1980 to 1990 with 1990 appearing at the top, while (b) is the 

exact reverse, with 1980 appearing on top. 
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Neches Bottom Random Plot Ordination Trajectory Diagram 
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Patch plot ordination results and discussion 

I conducted a canonical correspondence analysis (CCA) on the mean sapling 

abundance data from the patch-centered plots as well (Table 11). There were 30 

samples (patch plots) and 18 species of woody saplings found on the plots. The num- 

bers of individuals of each species in each plot were the response variables. As with 

the random plots, there were eight environmental variables available for use in the 

model either as environmental variables with which to constrain the axes, or as covari- 

ables: elevation, weighted percent sky, percent sand, percent clay, available 

phosphorus, available iron, available calcium, and available nitrate. During forward 
. .- 

selection and testing of environmental variables, elevation was the best predictor, fol- 

lowed by percent clay, and then available phosphorus. No other variables added sig- 

nificantly to the amount of variation explained. 

Table 11. Summary of CCA results for Neches Bottom Patch Plots 

Axes 1 - ‘ 2  3 4 

Eigenvalues 
Species-environment correlations 
Cumulative percentage variance 
of species data 
of species-environment data 

0.188 0.057 0.037 0.176 
0.877 0.666 0.675 0.OOO 

17.5 22.8 26.2 42.7 
66.8 87.0 100.0 0.0 

Sum of all unconstrained eigenvalues 
Sum of all canonical eigenvalues 

1.071 
0.281 

In the species-environment biplot (Figure 39), the angle between the environ- 

mental variables and the axes represent degree of correlations: elevation and Axis 1 

have a correlation coefficient of -.8552, while percent clay has a correlation coefficient 

of -.569 with Axis 1 as well. Available phosphorus is correlated with both Axis 2 

(.429) and Axis 3 (.5118). Thus, the relationship of environmental gradients to the 
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Figure 39. Neches Bottom Patch Plot ordination diagram. Plot of species 

(points) and environmental variables (arrows). 
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higher axes is less clear than for the random plots. One clear result is that for these 

plots, percent slq does not explain the variation in species composition. ' Comparing 

the first eigenvalues of a CA (.252) to the CCA (.188), the drop is about 25%, which 

more than twice the percentage drop for the random plot ordinations. Thus, environ- 

mental data explain less of the pattern in the patch plot species data. The canonical 

axes (the first three) combine to explain only about 26% of the variance explainable by 

eigenanalysis, much lower than for the random plots. The permutation test revealed 

that the first axis is significant @=.Ol), while the second is not @=.28). Thus, for 

the patch plots, there is only one interpretable gradient, and it is correlated with eleva- 

tion. The species orderings on the first axis of the patch plot ordination is very similar 

to that obtained for the random plot ordination above. That the saplings are ordered 

with respect to elevation according to their species' flood tolerance is strong evidence 

that the underlying environmental factor associated with elevation is flooding. That 

light is not important is unsurprising, since all of these plots were chosen on the 

assumption that they were high-light plots. Thus, one might not expect to find any 

strong relationship with light. In attempting to explain the low amount of variance 

accounted for, the results suggest that differences in species composition among the 

patch plots may be the result of stochastic variation in other unmeasured variables with 

spatially patchy distributions, such as seedfall, herbivory, disease or other factors. 

Since the plots were all centered on patches, they may be similar except for what 

species arrive in them, and the elevation differences accounted for in this analysis. The 

ordination trajectory for the patch plots (Figures 40 and 41) suggests that a "down"- 

gradient movement in ordination space has O C C U K ~  for the patch plots, with low eleva- 

tion plots changing to resemble higher plots across time. This confirms the temporal 

pattern of the random plots. 
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Figure 40. Ordination trajectory diagram for Neches Bottom Study Site Patch plots for 

1980-1990. 
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Figure 41. Trajectory Summary diagrams for Neches Bottom Study Site Patch plots 

for 1980-1990. The time trajectory in species composition was examined by using the 

CCA species scores to calculate site scores for each quadrat for each year, and plotting 

the convex hull (the smallest convex polygon enclosing all points) of these points by 

year. This plot is from 1980 to 1990 with 1990 appearing at the top. 
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Overall Synthesis 

That sapling occurrence in this forest varies along a flooding/soil moisture gra- 

dient represents confirmation that flooding influences local variation in species com- 

position. That sapling occurrence in random plots varies along a canopy-openness gra- 

dient suggests that light also influences local variation in species composition. Migra- 

tion of the lowest plots "up" the elevation gradient implies the differential recruitment 

of less flood-tolerant species into the lowest areas over the decade. Coupled with the 

observed significant increase in the number of flood-free years at all elevations and the 

decline in severity of flooding (chapter 2),'this suggests'that reduced flooding may have 

provided opportunities for increased recruitment of less flood-tolerant individuals since 

dam construction. 

Migration of plots "upti the light gradient implies the differential recruitment of 

light-demanders into this forest over the decade. This could have been accomplished 

either through recruitment into pre-existing gaps which were previously too frequently 

flooded to allow recruitment, or through an overall increase in canopy openness. In 

either case, that the elevation gradient is by far the stronger of the two gradients sug- 

gests that sapling distributions are more strongly influenced by flooding than by light. 

In light of the results o€.Streng (1986; Streng et al., 1989) which suggested that see- 

dlings were more strongly influenced by flooding than by light, these results could indi- 

cate either that saplings respond similarly to seedlings, or that sapling patterns simply 

reflect those already expressed in patterns of seedling distribution. To differentiate 

between these two alternatives would require evidence of direct impacts of flooding on 

sapling demographic parameters such as recruitment, growth, and death. 
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&ox, R.G. and Harcombe, P.A. 1995. Contrasting patterns of resource limitation in tree 

seedlings across a gradient in soil texture. Can. J. For. Res. 00: 000-000. 

Resource competition theory for terrestrial plant communities explains Sradients in 

species composition among various habitats as the outcome of differential supply and 

demand for limiting resources. To examine one group of assumptions of this theory, for 

forest vegetation in southeast Texas, we grew seedlings of three broadly distributed tree 

species, & rubrum L. (red maple), Liquidambar styraciflua L. (sweetgum), and Pinus 

taeda L. (loblolly pine), in intact soil cores collected from three sites located along a 

gradient in soil texture. We tested resource limitation in a temperature-controlled 

greenhouse with nutrient fertilization, light, and moisture treatments applied in a resource- 

minus or screening design. This design provided most resources at levels not limiting for 

growth while simulating (potentially limiting) field conditions for a single resource or 

group of related resources. Light was most limiting with clay-rich floodplain soil cores 

under simulated floodplain forest conditions. Soil nutrients were most limiting in sandy 

upland soil cores under upper slope forest conditions. Both light and soil nutrients were 

strongly limiting with loamy intermediate soil cores under simulated mesic forest 

1 9  

2 0  

2 1  

conditions. The most limiting soil resource was phosphorus. The pattern of reciprocal 

limitation by above-ground or below-ground resources in extreme habitats and joint 

limitation in intermediate habitats was consistent with requirements of the theory. 
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Plant communities have proved notably resistant to comprehensive explanation of 

their structure and dynamics (McIntosh 1985, Austin 1990). Tilman's (1952, 1985, 1988, 

1990) formulations of resource competition theory for terrestrial plant communities explain 

plant succession and gradients in plant species composition as the outcome of differential 

supply and demand for limiting resources. Species differing in their patterns of resource 

allocation and relative demands for resources such as light and soil nutrients are expected to 

come to dominate different habitats, depending on the underlying rates of resource supply 

in those habitats and rates of biomass removal through disturbance. 1Yit.h infrequent 

disturbance, the species with optimal combinations of low requirements for particular soil 

resources and ability to preempt light come to dominate habitats where those resources are 

most limiting to population gowth. Because of competitive sorting under this theory, plant 

conlmunities occupying a sequence of habitats having a series of diffzrent levels of some 

soil resource form an ordered series of species compositions or a vepation gradient. For 

exaniple, if some soil nutrient is potentially limiting across a range of habitats, nutnent- 

poor habitats become dominated by species with relatively low nutrient requirements. The 

nutrient-rich habitats become dominated by species that excel at compah,o for light. 

Intermediate habitats become dominated by species that are good competitors for both light 

and the limiting nutrient. Variation within habitats also will allow sites to support mixtures 

of species with somewhat different requirements and competitive abilities. The notion of a 

vegetation gradient is a convenient abstraction for how species compositions in different 

habitats systematically relate to one another; resource competition could provide a 

mechanism to explain why a gradient in species composition follows a gradient in some 

soil resource. It would also explain important differences between particular plant 

communities that differ in where they fall along the gradient. 
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Applications of these ideas to forested systems are attractive (see examples in 

Tilman 1988); differences among free species in requirements for light and soil resources, 

and among habitats in the rates of supply of those resources, could cause gradients in tree 

species composition. In the forests of southeast Texas, research that we and our 

collaborators have carried out provides a basis for attempting a well-circumscribed 

application of resource competition theory to forests. Those studies showed how patterns 

of tree species distribution relate to readily measured environmental variables (Marks and 

Harcombe 1981; Liu 1992; Harcombe et al. 1994; Fig. 1). The most important gradient in 

species composition relates to soil texture, distinguishing uplands with coarse textured soils 

from bottomlands with fine textured soils. Several less important gradients have appeared 

in various analyses, emphasizing differences between nutrient-poor and nutrient-rich 

forested wetlands, between wet savannas and forested uplands, or aniong sandhills and 

other upland pine and oak forests. The vegetation patterns and differsnces in texture repeat 

across numerous watersheds in southeast Texas (Harcombe et al. 1994) and resemble 

vegetation differences seen throughout the coastal plain of the Southeastern United States 

(Christensen 1988; Ware et al. 1993). 

The relationship of the most important vegetation gradient with variation in soil 

texture suggested to us that the texture gradient influences success in competition by 

influencing the average supply of nutrients, moisture, and light for growth. An alternative 

explanation is that the texture gradient was a surrogate for variation in some non-resource 

factor, such as fire intensity, sesere drought, flooding, or presence of water-saturated 

soils, and that these processes separate species alon: a vegetation gradient by their 

tolerance of fire, drought, flooding, or rooting zone anoxia (cf. Christensen 1988) instead 

of competition for resources. 

For three sites distributed across the dominant gradient (Fig. 1 and see below), 

related studies have measured tree population dynamics and characterized the effects of 
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large scale disturbance and of stand history (Harcombe and Marks 1953; Glitzenstein et al. 

1986; Streng et al. 1989; Hall 1993). Work at these sites provides a context for relatively 

'clean' tests of resource competition explanations for the relative success of their dominant 

tree species. All three sites support relatively undisturbed forest that may not depart greatly 

from presettlement species composition on similar sites (see Harcombe et al. 1993). The 

sites differ in nutrient levels in surface soil and forest floor (total nitrogen and phosphorus, 

and available phosphorus; see Walbridge et al. 1992) as well as in average light reaching 

the forest floor (see below). The sandy upland site has low soil phosphorus and nitrogen 

mineralization. Like many similar sites in the region, it has a relatively open canopy. The 

loamy intermediate (mesic) site has much less light reaching the ground surface and also 

has low soil phosphorus. The clayrich floodplain site has much more available soil 

phosphorus and higher nitrogen mineralization, with low light near the ground surface. 

Strong growth responses and relatively high seedling and sapling sunival under forest 

canopy gaps have been documented for the floodplain site (Hall 1993). Strong positive 

responses to canopy gaps were also seen at the intermediate site (Glitzenstein et al. 1956; 

Harcombe, personal observation). Concentration of tree regeneration in canopy light gaps 

would be expected if light is limiting under the intact canopies of the floodplain and 

intermediate sites. 

The differences among sites are consistent with an explanation of the differences in 

species composition based on resource-ratio theory: the site with the lowest levels of 

nutrient supply has the most light penetrating the canopy, the site with abundant nutrients 

has little light penetrating the canopy, and an intermediate site has low measured levels of 

light and available nutrients. Focusing on those well-studied sites, we can apply resource 

competition theory in a context of well-understood historical effects; we need not assume 

dynamic equilibrium or assume that stand history was relativeIy unimportant. Ongoing 

long-term studies of temporal and spatial variation in tree growth, mortality, and 
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recruitment at those sites night then provide informative tests of predictions from resource 

competition theories. 

While it is easy to see that the overall vegetation patterns are consistent with a 

theory of differential success under competition for limiting resources, two requirements 

must be satisfied before rigorous tests can be made. First it must demonstrated that the 

plants are competing for resources. Second, the limiting resources must be identified. 

"Until this is done, it would be easy to gather data that seemed to support or refute this 

theory independent of the potential validity of the theory to that field situation." (Tilman 

1988, p. 15). In forests, disturbance patterns and stand history must also be understood, 

so that the effects of land use change, selective logging, and similar activities are not 

mistaken for the outcome of competition. The same basic requirements also would apply to 

strict tests of predictions of differences in community composition made with morc 

physiolosical forest models (e.g., Friend et al. 1993). 

Direct experimental tests of various elements of resource competition theory have 

been performed or are underway in herb-dominated.communities (e.gl Tilman 1987; 

Tilman and Wedin 1991a, 1991b; Wilson and Tilman 1991; Wedin and Tilman 1993), but 

similar tests in forested systems are problematic because of the large sizes and long life 

spans of dominant trees. Hence, greenhouse and field experiments with tree seedlings 

ha\!e been part of studies that attempted to test resource competition trade-offs (Barton 

1993; Barton and Teeri 1993; Gleeson and Tilman 1994). In these cases the population 

effects must be .inferred from individual responses.' 

We used short-term experimental trials (10 to 20 weeks) with rzcently germinated 

tree seedlings to identify potentially limiting resources for three contrasting sites and 

exanined whether the pattern of limitation was consistent with assumptions of a resource 

competition explanation for the species composition differences. Young seedlings of two 

widely distributed broadleaf species were used to assess differences in potential resource 

I 
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limitation for all three sites. Widely distributed species are less likely to be specialized for 

the pattern of resource availability found in any particular habitat, and thus are useful for 

comparing potential resource limitation in-different habitats. Seedlinss of a common 

conifer did not occur on the floodplain site, but they were used to confirm resource 

limitation for the other two sites. Eight distinct experimental trials were carried out, each 

for a single combination of species and site. 

7 All trials were carried out in a greenhouse using intact soil cores and shade cloth to 
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simulate field levels of resource supply. In contrast to potting soil or sieved soils, intact 

soil cores preserve the soil structure and many of the physical and biolosical factors that 

influence resource supply in the field, while excluding competing roots of larger 
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individuals that might confound efforts to manipulate resource supply. If greenhouse 

screening trials manipulating a wide array of resources suggest that the basic requirements 

for resource competition theory were met, they might later be followed by field experiments 

on seedling and saplings focused on one or two resources, and perhaps eventually be 

complemented by long-term experiments on populations of trees. 
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For each of three habitats, the experimental trials determined whether resources 

limited tree seedling growth under simulated under-canopy forest conditions. The trials 

also identified potentially limiting resources in cases where resource limitation was shown, 

and determined whether any single resource limited seedling growth as much as the 

simulated field conditions. We then examined whether the observed patterns of limitation 

were consistent with a resource competition explanation of the primaq gradient in tree 

species composition by comparing the results of different trials from different sites. 
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Methods 

Studv sites 

Soil cores and seeds or seedlings were collected from three contrasting study sites 

representing three parts of the regional vegetation gradient (Fig. 1). The study sites are 4 

ha patches of relatively undisturbed and homogeneous forest within larger forest blocks; 

previously they were gridded into 20 by 20 m subplots for tree and seedling population 

censuses (Harcornbe and Marks 1983; Glitzenstein et al. 1986; Streng et al. 1989; Hall 

1993). Soil cores for the present study were collected along the outer boundary of the 

censused area, in groups next to particular subplots. Cores from the same group were then 

assigned to the same flat in the greenhouse experiments, and subplot-to-subplot soil 

differences subsumed into a blocking variable in the analyses (see below). 

The dry upland site (Upper Slope Pine Oak) is a low sandy ridge southeast of 

Warren, TX-(300 35' N, 94020'W), along the edge of the floodplain in the Turkey Creek 

Unit of the Big Thicket National Preserve. The vegetation is Oak-Hickory-Pine (Kiichler 

1963) or Upper Slope Pine Oak (Marks and Harcornbe 1981). The doninant hardwoods, 

Ouercus stellata Wang., 0. falcata -Vichx., and C-a texana Buckl., form an open canopy 

15-20 m tall, below emergent pines (Pinus palustris Mill,, P. taeda L., and E echinata. 

Mill.). The understory is a moderately dense mixture of tree saplings and shrubs; Cornus 

florida L. and Ilex vomitona Ait. are particularly abundant. Acer rubrurn L. and 

Liauidambar stvraciflua L. are minor canopy components tending to occur in moist 

microhabitats. The site was loggedin 1930, but many trees of considerable age remained 

on the site, so the stand is not strongly evenaged (Harcombe et al. 1994). Under midday 

clear sky conditions, characteristic photosynthetic photon flux (PPF) at the ground surface 

was 9-13% of values under no canopy (D. Streng, personal communication). Soils are 

mostly of the Landman series, a loamy, siliceous, thermic Grossarenic Pdeudalf (Caird 

1995). Median values for texture fractions in the top 15 cm were 80.0% sand, 14.2% silt, 

and 5.7% clay (n=l02). 
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The mesic site (Lower Slope Hardwood Pine) is located in Wier Woods Presenle 

(The Nature Conservancy) about 16 km N of Beaumont, TX (300 16' N, 94012'1.). 

Forests of this type have been called Southern Mixed Hardwood Forest (Quarterman and 

Keever 1962), Magnolia-Beech (Delcourt and Delcourt 1977), or Lower Slope Hardwood 

Pine (Marks and Harcombe 1981). The closed canopy of tall trees (25-40 m) is 

codominated by Pinus taeda L., Quercus nizra L., F a y s  grandifolia Ehrh., Magnolia 

grandiflora L., and Ouercus alba L. Below the canopy Acer rubrum L., Liauidambar 

stvraciflua L., and Nvssa svlvatica Marsh. are abundant as small-to-medium stems, but are 

infrequent as large trees. Ilex opaca Ait., I- vomitoria fit., and Cornus florida L. are 

important understory species. The forest was in the possession of the same family from 

about 1870 until 1992 (F. Wier, personal communication). The forest was logged once, 

for pine, in about 1910, but there appears to have been no further appreciable human 

modification of the stand (Glitzenstein et al. 1986; F. Wier, personal communication). 

Under midday clear sky conditions, characteristic photosynthetic photon flux (PPF) at the 

ground surface was 3-4% of vaIues under no canopy (D. Streng, personal 

communication). Soils are mostly of the Waller series, a fine-loanqt, siliceous, thermic 

Typic Glossaqualf (Caird 1995). Median values for texture fractions in the top 15 cm were 

64.5% sand, 27.3% silt, and 7.8% clay (n=101). 

The wet floodplain site (Floodplain Hardwood), on the floodplain of the Neches 

River (30026' N. 94005'W) approximately 8 km north of Evadale, TX, is a mature 

example of Southern FIoodplain Forest (Kiichier 1964) or River Floodplain Forest (Marks 

and Harcombe 1981). It is part of the Neches Bottom Unit of the Big Thicket National 

Preserve. The floodplain at this point is approximately 8 km wide and very flat; elevation 

is ca 10 m above mean sea level. It is dissected by an anastornosins system of shallow 

sloughs, one of which bisects the study site. Large individuals of Liquidambar styraciflua 

L., Ouercus michauxii Nutt., Q nipra L., and Acer rubrum L. dominate the open 

overstory above a dense mid-canopy layer of Carpinus caroliniana Walt. The stand is 
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uneven aged, with oldest individuals originating before 1800. Taxodium distichum (L.) 

Rich was removed along the sloughs early in the century, but there is no strong evidence 

for subsequent logging. Under midday clear sky conditions, characteristic photosynthetic 

photon flux (PPF) at the ground surface was 2-6% of values under no canopy (D. Streng, 

personal communication). Soils are predominantly of the Estes series, a fine, 

montmorillonitic, acid, thermic Aeric Fluvaquent (Caird 1995), which occur throughout the 

first bottoms of the Neches River. Median values for texture fractions in the top 15 cm 

were 23.5% sand, 37.9% silt, and 35.9% clay (n=100). More extensive site and 

vegetation descriptions for the floodplain site may be found in Streng et al. (1989) and Hall 

(1993). 

Seed. seedling. and soil collection 

We collected seeds or recently germinated seedlings from thee tree species for use 

in these experiments. We collected seed from two species, Acer rubrum L. (red maple) and 

Liauidambar stvraciflua L. (sweetsum), that occur widely across the regional gradient and 

on or adjacent to all three study sites (Fig. 1; Knox and Harcombe, personal obser\iaiion). 

Seeds were collected from at least three parent trees at each site, stored at 4.5 to 7 C, and 

germinated in moist sterile sand. Shortly before transplanting seedlings, we collected sets 

of 72 to 90 intact soil cores per site, in clusters of nine, at 1 m intervals along the perimeter 

of our established study plots. These cores were collected in a 20 cm length of 7.7 cm 

(standard 3 inch) inside-diameter, white, thick-walled, plastic (PVC) water pipe. To 

minimize soil compaction during collection, a heavy steel cutting rins of slightly smaller 

diameter (6.8 cm) was teniporarily fitted to the end of the pipe section before driving the 

pipe into the soil by percussion to a depth of approximately 15 cm. ?3'e used shorter 

sections of thin-walled PVC pipe to partially fill the space between the soil core and the 

outer pipe. After extraction of the pipe sections containing soil plugs, the sections were 

capped on the bottom with fine mesh net'ting, labeled, and wrapped in polyethylene bags 

for transport. Cores intersecting large roots were rejected and replaced nearby. The Pinus 
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taeda L. (loblolly pine) trials differed in using field-germinated seedlings. Each soil core 

included a recently germinated, randomly selected pine seedling. They were collected in a 

similarly clustered fashion, but not all portions of the site perimeters had sufficient 

populations of pine seedlings to be included in the sampling. 

The lined pipe sections then served as soil containers throughout the experiments. 

Soils were nonsterile, stored in cool conditions, and used shortly after collection. We 

transplanted one seedling, with expanded cotyledons (red maple) or nvo true leaves 

(sweetgum), into each soil core, taking care to wash all the sand from the seedling roots 

9 

1 0 

1 1 

1 2 

1 3 

and to disturb the soil in the core as little as possible. For each combination of species and 

site, we used eight to ten replicates in a randomized complete block design. Each group of 

nine cores, collected from outside a sinzle 20 by 20 m subplot, became a replicate flat of 

eight cores under various treatments, plus one spare (to replace seedlings dying shortly 

after transplanting or to hold tensiometers for monitoring moisture status). 
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ExDerimental treatments 

Once under treatment, all seedlings were grown in a temperature-controlled 

greenhouse. We used a screening design (see Mason et al. 1989), adapted for a law-of- 

the-minimum type of resource limitation (cf, Gleeson and Tilman 1992, Rastetter and 

Shaver 1992). The response of seedlinzs to generous additions of all essential resources 

but one can provide a "bioassay" of the power of a substrate to supply that resource to 

plants (Harrison and Helliwell 1979; Van Cleve and Harrison 1985). To speed the 

screening process we grouped some treatments and manipulated all known essential 

resources in a single design. Comparisons with the case where all resources are supplied at 

levels unlikely to limit seedling growth identify potentially limiting rcsources or groups of 

resources. Comparisons with a treatment that simulates field conditions as  closely as 

possible eliminate those factors that could not account for the degree of limitation seen in 

the simulated field conditions. The remaining treatments are equivalent to the simulated 

field conditions, within the resolution of the experiment. These predonlinant limiting 
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factors would then be most likely to show responses in subsequent field experiments using 

single-factor additions. Because all treatments are combination treatments, dominant 

factors can be identified, but not factor interactions. 

The experimental treatments were (1) a low control treatment receiving deionized 

water and partial shade, and a series of treatments providing one resource or group of 

resources at near field levels of supply (the "low" resource) and the others in excess: (2) 

low nitrogen, (3) low phosphorus, (4) low light (partial shade), (5) low water, (6) low 

macronutrient cations and sulfur, and (7) low micronutrients, and (8) a high control 

treatment receiving a complete nutrient solution and full light. Shaded treatments were 

assigned to the north ends of flats and randomly assigned to the east or west position. We 

randomly assigned positions for the other six treatments within a flat of eight cores. 

Nutrient solutions were made up from a commercially available kit suitable for 

study of nutrient deficiency symptoms in sand or water culture (Stegner 197 1). Solutions 

were reformulated to provide a portion of the applied nitrogen as ammonium, as 

appropriate for seedlings of temperate forest trees. We also formulated a solution 

providing excess amounts of nitrogen, phosphorus, chelated iron, and other trace elements 
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(including trace amounts of sulfur), to test limitation by any of several macronutrient 

cations, and a complete nutrient solution at twice the usual concentration to test effects of 

moisture limitation at simulated 50% of normal rainfall without also varying the applied 
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2 0 nutrient supply. 
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Seedlinss routinely received either 90 ml or 45 ml of solution twice a week. These 

rates of application to the soil surface approximated normal and half-normal average rainfall 

in the Big Thicket region of southeast Texas. Average annual rainfall amounts (1951-80) at 

two precipitation stations in the Big Thicket region were 1.32 m and 1.31 m (National 

Climatic Center 1983), fairly evenly distributed during the growing season, and typically 

delivered over 8 to 10 days per month yith measurable precipitation (Baldwin 1968). 

2 7 (Canopy interception was not considered.) The fine mesh netting on core bottoms allowed 
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free drainage; cores sat in plastic saucers with cotton wicking so that excess solution could 

be drawn back into the core during periods of high moisture demand. 

Tensiometers were used to monitor water potentials in an extra pair of cores in each 

trial, one each receiving high control and low water solutions and aniounts and supporting 

a seedling of the appropriate species, and readings were used to adjust solution additions 

during periods of unusually high or low evaporative demand. When tensiometer readings 

suggested that potentially limiting soil water potentials were developing in well-watered 

treatments (< -0.08 m a ) ,  additional deionized water was provided; n.hen readings 

indicated that both cores remained near field capacity (-0.01 to -0.03 bPa) between 

solution applications, generally during prolonged overcast conditions, all solution amounts 

were halved. 

Neutra1:density shade covers, approximating under-canopy light levels of each site, 

provided li,oht limitation for low light and low control treatments. Ender these shade 

covers, photosynthetic photon fluxes (PPF) reaching 12 cm above the soil surface averaged 

approximately 5% of diffuse illuminance (overcast sky) to S% of mid-day clear sky fluxes 

for the floodplain and lower slope sites, and 10% of diffuse to 20% of clear sky fluxes for 

simulating the more open canopy of the upper slope site. PPF was measured on a single 

clear day and single overcast day with Li-Cor L-1000 quantum sensors and expressed as 

percentage of simultaneous measurements outside the greenhouse in the open. Averages 

were among different positions on the greenhouse benches. Because rhe greenhouse 

structure and shade covers blocked a larger fraction of diffuse illuminance than direct beam 

radiation, we measured and report both overcast and mid-day clear sky fractional 

transmission. High-control light levels in the greenhouse, reaching unshaded treatments, 

averaged 40% of diffuse to 70% of mid-day clear sky fluxes. We did not monitor absolute 

quantum fluxes during the experiments. Supplemental fluorescent lighting (25 to 75 p 

molem-2.s-l depending on plant height and position) extended the day length to 15 hours, 
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preventing development of seedling dormancy during trials run outside the normal peak 

growing season for this region. 

Greenhouse temperatures were generally controlled to range from early morning 

lows of 15-22 C to daytime highs of 29-35 C. May through September 30-pear climate 

normals from the two nearest southeast Texas stations have average highs of 29-34 C and 

lows of 18-23 C (National Climatic Center 1983). Relative humidities typically ranged 

from 70% to near 100% over a daily cycle. To control for variation in environment within 

the greenhouse, we rotated flats among positions on the benches twice a week. 

Each flat initially included an extra core and seedling, which received full light and 

full non-limitin,o levels of deionized water. These cores were used to replace seedlings 

dying from late effects of transplant shock within the first two weeks under treatment; they 

also supplied cores for monitoring moisture status. Dates of first treatment and harvest 

were staggered between flats to control for differences in germhation time, and length of 

time under treatment was constant within a trial. Counting from the date of first treatment, 

trials ran for 10 to 12 weeks, except the one trial, sweetgum in floodplain soil, which was 

run for 16 weeks. 

Measurements 
. .  

Each.week we measured the seediings and recorded any damage, mortality, or 
- .  . 

deficiency symptoms. Seedlings in the same replicate flat were transplanted and brought 

under treatment at the same time, and harvested together as an experimental block. The 

harvested seedlings were separated into leaves, stems, coarse roots, and fine roots. 

Harvest measurements included length of stem and coarse root, leaf area, and a visual 

estimate of mycorrhizae presence (scored as: absent, present on less than 25% of branch 

roots, or present on more than 25%). We washed soil from the roots on a 1 mm soil sieve 

and carefully separated living roots from those preexisting in the core. Plant parts were 

oven dried to constant mass and weighed to the nearest 0.01 g. In this paper, we formally 

report analyses of differences among treatments in total seedlins dry niass produced by 
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time of harvest and analyses of differences in seedling mortality, and we suppIement 

discussion with related findings as appropriate. Analyses of shifts in biomass allocation 

and results for other species will be presented in a separate publication. 

Statisticd Analvses 

For the red maple and sweetgum experiments, overall treatment effects on final dry 

mass were tested with a Friedman rank sum test (Sokal and Rohlf 1951; StatSci 1991), 

using flat number as the blocking variable. Mortality in the two pine trials resulted in a 

strongly unbalanced design, precluding Friedman tests of overall effects. hdisidual 

treatments were tested for significant limitation by comparing them with the high control 

(non-limiting resource levels) using a Wilcoxon signed-rank test (Sokal and Rohlf 198 1; 

Statsci 1991) pairing within flats. 

Differences among treatments that showed limitation were examined using a 

parametric procedure adjusted for multiple comparisons. We used a parametric procedure 

to insure maximal test power, since failure to find a difference from the low control 

(simulated field conditions) was of particular interest in this instance. Final d q  masses (in 

g) were transformed with In(x + l), to approximate nomiality and equal variances. 

P'zametric 2-way ANOVA provided a residual sum of squares. Then differences in means 

of transformed data were tested by calculating a minimum significant difference (MSD) 

with the T-method, appropriate for unplanned comparisons (Sokal and Rohlf 198 1). 

In two sweetgum trials (in soil from the dry and mesic sites, run concurrently) 

roughly 12% of the individuals died after our two week cut-off for seedling replacement. 

In four other trials (the red maple trials and the remaining sweetgum trial) late mortality was 

absent or nearly so. For parametric comparisons requiring a balanced design, the overall 

median value for survivors was used instead of measured final masses of the dead 

individuals, otherwise dead individuals were omitted completely from analyses of final 

masses. Also, separate analyses of seedling survival were performed in the trials with 

appreciable mortali ty, using Mantel-Haenszel log rank tests for right-censored survival data 

~ 
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(Fleming and Harrington 1991; StatSci 1991). For the two pine trials, because of 

excessive mortality in the low control treatments, we only conducted tests on mortality and 

comparisons of selected treatments with the high control. We omitted pine from summary 

tables and figures (below). Overall tests requiring balanced blocking and tests of 

differences from surviving low control plants would have lower power and be relatively 

uninformative in the pine trials. 
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Results 

As expected, experiments with the two broadleaf species sho\ved significant overall 

effects of the resource limitation treatments (Table I), as well as significant differences 

between simulated field conditions ("low control" treatments) and fertilized, well watered, 

high-light conditions (the "high control" treatments) (Table 2). Median dry masses in the 

high control treatments were at least 10 times those under the simulated field condition in. 

the same trial. 

Several other treatments were significantly different from the hish control treatment 

in at least one trial (Fig. 2 and 3), but the two combined treatments, one omitting 

supplemental micronutrients and one omitting several macronutrient cations (K, Cay 34:) 

and all but trace amounts of sulfur from treatment SoIutions, showed no significant 

differences from high control treatments. 

Among the significant effects of resource limitation treatments in this resource- 

minus design, some mi,oht be secondary effects, appearing only because other limits to 

- growth were removed. They might even be the result of prolonged growth with 

imbalanced nutrition. To identify primary limitation, capable of accounting for all the 

u growth limitation observed in the simulated field conditions, we looked for equivalence 

with the low control treatments. If a resource limitation treatment that was significantly 

different from the high control was not different from the low control, it was capable of 

2 6 

2 7 

accounting for growth limitation observed in the simulated field conditions. We termed 

these 'tprimary" limiting factors. On the other hand, if a treatment was significantly 
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different from the low control (Le., growth was better than in simuIated field conditions), 

the resource could not account for all the growth limitation observed under simulated field 

conditions. We termed these "secondary" limiting factors. In both species, one or two 

resources in each trial had effects indistinguishable from the low control treatment. The 

pattern among sites was consistent between the two species (compare Fig. 2 and 3). Each 

species showed strong phosphorus limitation in the Upper Slope Pine Oak (dry) trial, light 

limitation in the Floodplain Hardwood (wet) trial, and dual limitation by both light and 

phosphorus in the Lower Slope Hardwood Pine (mesic) trial. 

Seedlings in two tr ials with sweetgum experienced enough mortality to raise the 

question of whether survival differed among treatments. Visible symptoms suggested the 

most common direct cause of death was microbial, probably viral pathogens, but different 

treatments may have put groups of seedlings at different risk. Each sweetgum seedling in 

Upper Slope Pine Oak and Lower Slope Hardwood Pine trials was assigned a value for the 

number of weeks it survived under treatment and a variable to indicate whether it was alive 

at harvest. In sandy soil from the Upper Slope Pine Oak site, survival differed amons 

groups (chi-square = 23.7, n = 72, df =7, p = 0.0013), with excess mortality in the low 

water treatment contributing most of the effect (64% of the chi-squarc total). The Lower 

Slope Hardwood Pine trial showed a more even distribution of sweetgum mortality (chi- 

square = 12.5, n = 72, df =7, p = 0.0857), with only high control, low control, and low 

nitrogen treatments completely free of seedling mortality. 

Soil phosphorus appeared significantly limiting to loblolly pine seedling growth 

(exact Wilcoxon signed-rank tests, Upper Slope Pine Oak: V = 2, n = 9, p = 0.0059; and 

Lower Slope Hardwood Pine: V = 2, n = 6, p = 0.0469). Under restricted light, final pine 

seedling dry masses were even lower than those under restricted phosphorus, significantly 

so in the Upper Slope Pine Oak trial (by T-method MSD, comparing means of log- 

transformed data). Pine seedlings receiving light simulating average conditions in the 
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Lower Slope Hardwood Pine site had significantly reduced chances of surviving to harvest 

(Mantel-HaenszeI log rank test, chi-square = 14.5, n=72, df = 7, p = 0.04324). 

Discussion 

Finding resource limitation of growth in these experiments was unremarkable in 

itself; the resources manipulated are widely known to be essential for autotrophic plant 

growth and at least some are frequently seen to limit woody plant growth in field 

experiments (Kozlowski et al. 1991). The finding of resource limitation of tree seedling 

growth, either by nutrients supplied by field-collected soils or simulated ambient levels of 

light or water, does suggest that tree seedling growth is not strongly limited by intrinsic 

growth rates. In a few weeks our high control plants reached sizes much larger than typical 

surviving first-year seedlings under field conditions in this region (Glitzenstein and Streng, 

personal communication; see Streng et al. 1989). This favors Grime's (1979) su,, Doestion 

that these forest trees are "stress-tolerant competitors," rather than, for example, obligate 

high-resource "ruderals" or intrinsically slow-growing "stress-tolerators." The results also 

add to the presumption that dramatic positive responses to canopy gaps observed in.two of 

the sites (Glitzenstein et al. 1986; Hall 1993) are due to variation in limiting resource levels 

rather than competition for "space" or apparent competition involvins patho, =ens or 

herbivores. The results suggest that field manipulation of resource levels in these forests 

would lead to seedling responses analogous to releases seen in trenched plot experiments in 

other forests (e.g., Korstian and Coile 1938), unless some other factor such as severe 

drought or increased herbivore browsing intervened. 

More interesting was that the overall pattern of resource limitation among red maple 

and sweetgum experiments was broadly consistent with a resource competition explanation 

for the primary vegetation gradient. A single soil resource (P) could account for growth 

limitation in forests on sandy upland soils; simulated field levels of light could account for 

growth limitation in seedlings in mature floodplain forests; at an intermediate site, both 

phosphorus and light could account for growth limitation. The habitats thus show 
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reciprocal limitation by soil fertility and canopy reduction in understory light, as expected 

by a resource competition explanation (e.g., Tilman 1988) for the differences in species 

composition at these sites and for the vegetation gradient that includes them. 

Though seedling mortality precluded complete analysis of the pine trials, pine 

response was also consistent with a resource competition explanation for the gradient in 

species composition, if this pine is viewed as a low-nutrient specialist. Abundant on more 

coarse-textured soils (see Fig. l), loblolly pine would be expected to be a superior 

competitor for soil resources but relatively sensitive to low light. Although like the other 

two species loblolly pine seedlings did show phosphorus limitation, they also showed 

strong light limitation of growth in simulated under-canopy conditions for both upland sites 

and significantly decreased survivorship in low light for the Lower Slope Hadwood Pine 

site. If there is a direct trade-off between ability to compete for soil resources and ability to 

compete for light, the high light requirements would then restrict this pine to a post- 

disturbance or large-sap role in forests of more fertile sites. 

Identification of phosphorus as the most important limiting soil resource rather than 

nitrogen or water raised several issues of concern. First, if requirements for phosphorus in 

seedlings of red maple and sweetgum are greater those of other forest trees (see below), the 

results might not generalize. Second, if mycorrhizae need to develop in order for the 

seedlings to have adequate phosphorus nutrition, the results might be an experimental 

artifact. Third, the low mobility of wailable forms of phosphorus in soil and abiotic 

controls on phosphorus availability might restrict the ability of plants to directly compete 

for phosphorus. If so, then the most familiar form of resource competition theory would 

not be relevant. We addressed these issues as follows. 

Although surface soils in the southeastern U.S. are reported to be generally low in 

phosphorus (Stevenson 1986), we were concerned that phosphorus limitation of seedlins 

growth in these conditions could be an effect of relatively high phosphorus demand by 

seedlings of red maple and sweetgum or lack of mycorrhizal development in short-term 
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experiments, which might not generalize to other species or life stages. These concerns 

were supported by reports of moderate to high foliar phosphorus concentrations for these 

species grown on floodplain soils (Francis and Baker 1982; Phillips et ai. 1989), implying 

high potential demand for phosphorus. Also, sweetgum seedlings in an experiment 

depended on endomycorrhizae for adequate phosphorus nutrition in forest soils of the 

southeastern United States (Kormanik et al. 1977), although root colonization was rapid in 

the presence of viable spores (Kormanik 1985). Finally, foliar phosphorus concentrations 

in both species have been reported to be influenced by development of endomycorrhizae 

(Schultz and Kormanik 1982). We did notostain . .  for endomycorrhizae in our experiments, 

but the soil cores were field collected and handled so as to maintain viable communities of 

soil organisms. 

For ectomycorrhizae, examination for visible signs of ectomycorrhizae on root 

systems at harvest was part 'of the routine observation protocol. Ectomycorrhizae were 

well established on roots of pine seedlings. In the Upper Slope Pine Oak trial, all pines 

except a few shaded plants had mycorrhizae on over 25% of the seedling branch roots. 

Ectomyconhizae were less conspicuous in the Lower Slope Hardwood Pine trial, but were 

found on over 25% of the branch roots in 47% of pine seedlings and were present on 

another 40% of the pines surviving to harvest. These findings sugzest that mycorrhizal 

fungi were present and experiments were long enough to permit root colonization. Thus, it 

seems likely that strong phosphorus limitation in greenhouse experiments with soils from 

the dry and mesic sites was not an experimental artifact. Also, the pine results show that 

phosphorus limitation was not specific to the two species grown in soils from all three 

sites. 

There remains the issue of phosphorus mobility and abiotic controls. From the 

trials reported here and from observations of responses to gaps in closed-canopy forests, 

we might expect enhanced phosphorus availability in root gaps in mesic sites but not in 

floodplain sites; in forested floodplains, relevant phosphorus pools would tend to be larger 
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and variation in phosphorus supply and availability would be more strongly influenced by 

hydrologic fluctuations (Walbridge 1993). In sandy upland sites, pulses of phosphorus 

mineralization during and immediately after fires (Christensen 1988, and references therein) 

might dominate temporal and spatial patterns of phosphorus supply, overriding influences 

of competition for phosphorus on phosphorus availability. Timing of phosphorus demand 

might also be an issue. In some plantation studies with loblolly pine, early responses to 

phosphorus fertilization gave way to signs of nitrogen limitation as stands developed 

(Kozlowski et al. 199 1). Additional experimental studies will be needed to c o n f m  

limitation by soil phosphorus in the field and in later growth stages on some sites in the Big 

Thicket region. 

Even in the absence of allogenic fluctuations in phosphorus supply, phosphorus 

limitation is problematic for a theory that emphasizes a habitat-wide drawdown in soil 

resource levels. Resource competition theory emphasizes the equilibrium effects of low 

resource availability after the population of plants reduces resource Ievels to those which 

restrict further net gowth. (Under the R* concept, the lower the resource level at which 

the species growth rate equals its loss rate, the better is its competitive ability for the 

limiting resource. See Tilman 1988, 1990; cf. Seastedt and Knapp 1993). Restricted 

diffusion distances for phosphorus would suggest that the phosphorus supply rate in the 

immediate neighborhoods of roots would be more important than mounts in available 

pools near roots of other plants. h our intermediate site, decaying logs tend to be rapidly 

colonized by woody plant roots (Knox and Harcombe, personal observation), sug,oesting a 

premium on roots foraging for patches of higher nutrients in that habitat and more of a 

resource lottery than direct preemption. Mycorrhizae may also mediate competition for soil 

phosphorus, potentially reducing the dominance of otherwise superior competitors (Allen 

and Allen 1990). A model that formulates the soil resource as a simple depletable 

reservoir, which is suitable for nitrogen or water, may be inappropriate when soil 

phosphorus is the most important limiting resource (see Rastetter and Shaver 1992). 
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Instead, modeling of average availability analogous to Tilman's (1982) treatment of space 

as a resource might be required to treat competition for soil phosphorus. 

Althoush we have reservations about application of the resource competition theory 

to this system, our results suggest that tree seedlings in this system are limited by resource 

levels found in intact forest stands, and we have identified the most promising resources 

for further study. Moving beyond the work reported here, if Tilman's (1988) formulation 

of resource competition theory for terrestrial plant communities nonetheless does account 

for the most important gradient in tree species composition in forested regions of southeast 

Texas, then we should expect differences in carbon allocation among species most 

successful on different types of sites. Dominant species in nutrient-poor uplands should 

have higher allocation to roots, at least under those conditions. Eventual canopy dominants 

should have greater allocation to stem tissues than species that are transient dominants after 

disturbance or remain in the understory (cf. Gleeson and Tilman 1990, 1994). Species of 

low-light habitats should have relatively more leaf tissue than those of other habitats, and 

so on. Further observations, data analyses, and experiments would be useful to address 

whether regional average positions along the vegetation gradient successfully predict 

allocation patterns in species, and whether characteristic allocation patterns predict gradient 

positions at other scales in forests of the southeastern U.S. 

. .  

Conclusions 

For each of three contrasting forested sites in southeast Texas, simulated field levels 

of resources were strongly limiting to tree seedlings germinated from locally collected seed. 

,The pattern of primary limitation, by light in one site, by soil phosphorus in another, and 

by both resources at a site that is intermediate, was consistent with resource competition 

explanations of the main gradient in tree species composition observed in the region. 

However, temporal fluctuations, persistent effects of disturbance histoj, and 

characteristics of phosphorus cycles in forest soiI may limit the scope of this explanation. 

Rigorous predictions in particular cases may require information on, for example, species 
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life histories, site history, or geochemical sinks for resources. Nonetheless, the broad 

ageement of results with expectations should encourage further applications of the theory 

to forested systems. 
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Table 1, Friedman rank sum tests of overall experimental effects on seedling 

dry mass at harvest, under blocking by flat, using complete blocks only. 

Trial n Chi- 

square 

df p-value 

Acer rubrum L. (red maple) 

Upper slope pine oak 80 60.40 7 

Lower slope hardwood pine 72 54.59 7 

Floodplain hardwood 80 53.17 7 

Liauidambar stvraciflua L. (sweetgum) 

Upper slope pine oak 24 18.22 7 0.01 1 

Lower slope hardwood pine 32 20.79 7 0.0041 

Floodplain hardwood 56 41.05 7 0.000 

0.000 

0.000 

0.000 

1 0  
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Table 2. Median seedling dry mass at harvest and exact, one-sided, Wilcoxon 

signed-rank tests of differences, paired within flats, for high control treatments, 

receiving a complete nutrient solution and full light, and a simulated field 

5 
6 
7 

8 

condition or low control treatment, receiving deionized water and partial shade. 

Trial Low High n V p-value 

Control Control 

(9 (9) 

-- Acer rubrum L. (red maple) . 

Upper slope pine oak 0.15 2.50 10 0 0.001 

Lower slope hardwood pine 0.04 2.5 1 9 0 0.002 

Floodplain hardwood 0.25 4.30 10 . 0 0.00 1 

Liauidambar stvraciflua L. (sweetgum) 

Upper slope pine oak 0.24 2.70 9 0 0.002 

Floodplain hardwood 0.37 5.18 8 0 0.0039 

Lower slope hardwood pine 0.08 1.82 7 0 0.0078 

9 
1 0  

11 
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Fig. 1. Site locations and species abundance overlain on a 2nd order polynomial- 

Detrended Canonical Correspondence Analysis (DCCA - ter Bra& 1987,1983) ordination 

of a regional data set of tree densities at 74 sites, with a horizontal axis constrained by 

percent sand in the upper 15 cm of mineral soil (sand decreasing from left to right), and a 

vertical axis showing the most important residual dimension in the species data. (A) 

Symbols: T - average location for 10 groups of subplots in the dry site, Upper Slope Pine 

Oak, from the Turkey Creek unit of the Big Thicket National Preserve; W - averase 

location for 8 groups of subplots in the mesic site, Lower Slope Hardwood Pine, from the 

Wier Woods Preserve; N - average location for 10 groups of subplots in the wet site, 

River Floodplain Forest, from the Neches Bottom unit of the Big Thicket National 

Preserve. (E!) Circle areas proportional to Acer rubrum L. (red maple) stem densities, at 

sites surveyed in the regional study. ( C )  Circle areas proportional to Liquidambar 

stvraciflua L. (sweetgum) stem densities, at sites surveyed in the regional study. (D) 

Circle areas proportional to Pinus taeda L. (loblolly pine) stem densities, at sites surveyed 

in the regional study. 

Fig. 2. Treatment means of log-transformed final dry mass (g) for resource limitation trials 

with Acer rubrum L. (red maple) seedlings. Soil cores, moisture, and under-canopy light 

levels from (A) a sandy upland site with a forest classified as Upper Slope Pine Oak; (B). a 

loamy mesic site with a forest classified as Lower Slope Hardwood Pine; ( C )  a clay-rich 

floodplain site with a forest classified as River Floodplain or Floodplain Hardwood Forest. 

Symbols: MSD - minimgm significant difference interval from the T-method (Sokal and 

RoNf 1981); * significantly lower than the High Control (Complete) treatment; L - not 

different from the Low Control (simulated field conditions) treatment. 

Fig. 3. Treatment means of log-transformed find dry mass (g) for resource limitation trials 

with Liquidambar styraciflua L. (sweetgum) seedlings. Soil cores, moisture, and under- 
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canopy light levels from (A) a dry site with a forest classified as Upper Slope Pine Oak; 

(13) a loamy mesic site with a forest classified as Lower Slope Hardwood Pine; (C) a clay- 

rich floodplain site with a forest classified as River Floodplain or Floodplain Hardwood 

Forest. Symbols: (as in Fig. 2). 
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APPENDIX 6: THEORETICAL MODELING 
R.G. Knox 

Adapting a Resource Competition Model to Woody Plants 

We explored conceptual modifications of Tilman's (1988) ALLOCATE model to more 

realistically represent tree growth. The graphical modeling system Stel lam was used to duplicate 

the assumptions that ALLOCATE makes about the growth of single cohorts of plants (Figure 1). It 

quickly became clear (as expected) that this model could not duplicate the long period of sustained 

growth in woody biomass seen in trees without incorporating differential loss rates for leaves, 

stems, and roots. (Figure2 shows the limited potential for extreme differences in instantaneous 

allocation ratio) 

A fundamental adjustment in model assumptions was then to redefine allocation categories 

by their expected duration, assigning them different loss rates well as functions. Tilman's (1988) 

category of "loss" was split into whole plant loss (or death) and tissue turnover. The new 

vegetative categories were leaves, fine roots, and woody tissues--including bole, branches, and 

coarse roots (Figure 3). 

Depending on differentials in respiration rates, differential loss rates can result in a carbon 

balance crisis and irreversible loss of leaf and fine root mass (Figure 4, upper panels) . This 

emphasizes two features of woody plants: 1) that the respiration rate in woody tissues is 

necessarily low if these tissues accumulate faster than photosynthetically active tissues, and 2) for 

any given wood respiration rate there is a minimum rate at which woody tissues must be lost (or 

become non-respiring) if a plant is to experience asymptotic growth rather than abrupt senescence 

(cf. Prentice & Leemans 1990). 

Although the loss rate differences appear sufficient for simple biomass trends in cohorts of 

woody plants seeded at high density, this model does not capture the dynamics of changes in size 

of individual trees. A plant with extensive secondary growth can gradually increase the area of the 

environment over which it can acquire resources and integrate resource levels, successively 

saturating and enlarging this area. To include this aspect, the model plant was assigned a canopy 

area and a soil integrating area as a function of its woody biomass (Figure 5) through which it 
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interacted with units of the habitat (light fluxes and soil resource pools). With insertion of plausible 

model parameter values, both short term and long term growth trajectories were consistent with 

generally observed patterns (Figure 6). To extend this model back to populations of individual 

trees, some simple spatial structure will be necessary. 

Parameters for a Resource Competition Model 

. 

Literature searches were done, both by resource (N, P, water, and light) and by species on 

tissue nutrient contents, respiration rates, and photosynthetic rates in species of interest. This 

information is necessary for parameterization of the forest dynamics model. As a consequence of 

the literature review and the results of our greenhouse experiments, we have identified an important 

area for further empirical research, namely photosynthetic response to phosphorus supply. 

Qualitative responses of loblolly pine to soil phosphorus have been documented, but data sufficient 

for constructing quantitative response curves do not exist. Even qualitative experimental results are 

lacking for other important species. 

Some of the data necessary for model parameterization will come from the large 

demographic dataset we have built up over the past several years. The project involved periodic 

measurement of tagged tree populations on three 4-ha study sites (wet, mesic, and dry), annual 

mortality checks for the tagged trees, and annual growth measurements and mortality checks on 

sapling plots within the intensive study stands. We have followed approximately 25,000 trees and 

10,000 saplings for up to 15.years. In addition to tagging, stern maps for all individuals > 2.0 crn 

dbh were constructed for each site (because of high stem density, only half of the dry site was 

mapped). A major phase of dataset editing and error checking was partially funded by this project. 

These data will be especially valuable in expanding the ALLOCATE model, or successor models, 

by replacing simple population loss rates with cohort-specific loss rates, a step which our model 

development work to date has shown to be important for reasonable model function. 
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