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Patterns in height-diameter relationships for
selected tree species and sites in eastern Texas

Mark R. Fulton

Abstract: Relationships between tree height and diameter at breast height were described for 15 species across a range
of sites in eastern Texas using a two-parameter equation. Maximum height varied significantly from site to site within

a species, but the ratio of initial slope to maximum height was generally constant. Sites favoring tall trees of one
species tended to favor tall trees of all species, especially among species found in the overstory. The greatest rates of
height growth for a given diameter at breast height increment were found among some midstory and understory
species.

Résumé: Les relations entre la hauteur et le diametre a hauteur de poitrine ont été décrites chez 15 espéces d’'arbres
sur une variété de sites de I'est du Texas a I'aide d’'une équation a deux parametres. Pour une méme espece, la hauteur
maximale varie significativement d’'un site a I'autre. Par contre, le rapport de la pente initiale sur la hauteur maximale

est généralement constant. Les sites qui supportent des arbres de grande taille chez une espéce ont tendance a
supporter des arbres de grande taille chez toutes les espéces, particulierement chez les espéces qui font partie de
I'étage dominant. Les plus forts taux de croissance en hauteur pour un accroissement donné en diametre a hauteur de
poitrine ont été observés chez les especes de I'étage intermédiaire et du sous-étage.

[Traduit par la Rédaction]

Introduction low follow the classification of Marks and Harcombe (1981). Each
) . ) _site has relatively uniform soil conditions, and together the sites

Knowledge of the relationship between tree height and dispan the range of moisture conditions in the area. Neches Bottom,
ameter is useful in a number of contexts, including standy seasonally inundated river floodplain forest (Hall and Harcombe
biomass estimation (Huang et al. 1992), simulation of forest998), is dominated by widely spaced individuals of sweetgum
dynamics (Leemans and Prentice 1987; Canham et al. 1994),iquidambar styraciflualL.), water oak Quercus nigraL.), and
and theoretical considerations of tree growth (King 1990)red maple fcer rubrumL.) with a midcanopy layer of American
The relationship is asymptotic; height is constrained to dornbeam Carpinus carolinianaWalt.). Wier Woods is a lower
maximum, and diameter is not (Prentice and Helmisaarflope hardwood—pine stand (Glizenstein et al. 1986) with mesic
1991; Niklas 1995). Height may be constrained by limita soil conditions located on a Nature Conservancy holding. It is
tions of mechanical support (McMahon 1973; Niklas 1989),d0m|nated by loblolly pineRinus taedal.), water oak, American

. . e - beech Fagus grandifoliaEhrh.), and white oakQuercus albal.)
increasing respirational load of stem tissues, or water stre S closed canopy, with American hollyléx opacaAit.) and flow-

in the upper shoots of tall trees (Friend 1993; Ryan andying dogwood Cornus floridaL.) important in the midstory. Tur
Yoder 1997). Because the relationship between height angky Creek is an excessively well-drained upper slope pine—oak
diameter depends on site conditions, it would be useful t&tand (Harcombe et al. 1993), with an open canopy of post oak
identify features of the relationship that are constant within gQuercus stellatawangenh.), southern red oak\ercus falcata
taxon across a range of sites. Michx.), and black hickory Carya texanaBuckl.) below emergent
The objectives of this study weré) (o find a parsimoni  longleaf pine Pinus palustrisMill.), loblolly pine, and shortleaf
ous model of height—diameter relationships aiyto com pine (Pinus echinataMill.). Trees were chosen from the three
pare variation in model parameters among common tre&tudy sites randomly, with stratification on species and 4-cm diam
species across three contrasting sites in eastern Texas. TRE' 2t breast height (DBH) size classes. Species were chosen on

. SN hé basis of importance at the sites and sufficient numbers over a
data were analyzed using likelihood (Edwards 1992), allow range of sizes to assure an accurate regression (Table 1).

It?eg Czs;trlirggtgour;’Wni]tﬁ?neL\C;?gﬁgrﬁgg’esv%?kaa“Stlcal testing to Relationships between height and diameter were analyzed using
) likelihood (Edwards 1992) and the Akaike information criterion
(AIC) (Akaike 1992). The definitions of likelihood and AIC, as
Methods well as a discussion of their use in statistical inference, are given
. . in Hillborn and Mangel (1997). A few key points are mentioned
Three permanent 4-ha study sites have been established by P.fiere The general approach of likelihood is the comparison of al
Harcombe and colleagues in or near the Big Thicket National Pre native models of a data set, rather than the determination of the

serve in southeastern Texas. Forest vegetation types mentioned tffrobability that a particular model is “true” (Edwards 1992). In the
absence of other selection criteria, the statistical model with the

; ; highest likelihood for a given data set is preferred. Models with
Received November 5, 1998. Accepted April 19, 1999. different numbers of parameters may be compared by the AIC,
M.R. Fulton. Department of Biology, Bemidji State which is a function of the likelihood and the number of free param
University, Bemidji, MN 56601, U.S.A. eters; the model with the lowest AIC may be taken to be the most
e-mail: mfulton@vax1.bemidji.msus.edu parsimonious model supported by the data.
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Table 1. Number of sample trees by species and site. wheres, is dH/dD at D = 0. This model differs from the constasit
- model in thats,, the initial slope of the equation KidD atD = 0)

Location is held constant all,,,,, varies by site instead of being proportional

Neches Wier Turkey to Hhae FOr the five overstory species found at two or more sites
Species Bottom Woods Creek (Acer rubrum Liquidambar styracifluaPinus taedaNyssa sylva

tica, Quercus nigra, a “site factor” model was evaluated. The ra
Acer rubrumL. o1 49 - tionale behind this model is that maximum heights may vary
Carpinus carolinianawalt. 54 — — proportionally from site to site as species are compared. The pa
Carya texanaBuckl. — — 57 rameterss andb were held constant within a species as in the-con
Cornus floridalL. — 38 38 stants model, andH,,, was given by
Fagus grandifoliaEhrh. — 49 — . .
o opgca oy 20 s - [8]  HywfSitd = f(sitd x H . standayd
Liquidambar styraciflual. 57 55 52 wheref(site) is the site factor (the same value for all species at a
Magnolia grandifloralL. — 59 — given site), andH,,,{(standard) iH,,,, evaluated for the species at
Nyssa sylvaticavarsh. 50 58 — the standard site. For this analysis, Wier Woods (the one site con
Pinus palustrisMill. — — 55 taining all five species) was taken to be the standard site, so
Pinus taedal . _ 54 60 f(Wier Woods) = 1.0 by definition. The site factd(site), then be
comes one of the parameters to be estimated, alongsyithand
Quercus albal. — 56 — )
. Ha(Standard) evaluated for each species.

Quercus fglcatal\/llchx. — - 51 Parameters were estimated either by direct search (Hillborn and
Quercus nigraL. 39 57 - Mangel 1997) or, where this was impractical, by the downhill-sim
Quercus stellatavangenh. — — 43 plex method (Press et al. 1989) using multiple starting points.
Total 300 534 356

Results

) ) _ . For species found on multiple sites, the highest likeli

_Several equations relating height and diameter were comparefoods were attained for the species x site model; this is ex-
in a .%re“r&“”ﬁ]ry analysis. Am%”g the ?peu_esﬂantq range t°f. S|tzhe ected because this model has the largest number of free
consiaereaq, ere was no evidence or an inriection point in : : :
height—diameter relationship, so only two parametee equation arameters. For most species, the.best multlpl_e site. model
(cf. Huang et al. 1992) were considered. The best equation (writte y the AIC was the C(_)nstam model; the exceptions were
to have ay intercept of 1.4 m) was Cornus floridag for which the constant, model was the

. best, andNyssa sylvaticafor which any model except the
[1] H=H+¢e&=14+H—14[1-exp sD)]+¢ species x site model performed well. When the five over-
whereH is height in metrest] is the predicted heigh is the di story species found at multiple sites were considered as a
ameter (o) a? L4 bromst heighl;nix S nds are p%rameters, ang droup, calculating an overall AIC for each model, the best

model was constard.

€ is a normally distributed error term of mean equal to zétg,, P ¢ for th tastmodel ized i
is the asymptotic maximum height (m), asds the ratio of the ini arameters for the constastmodel are summarized in

tial slope (H/dD) at D = 0.0) to H,,, This was the best two- 1able 2. The highest values fdt,, were found at Wier
parameter equation in the study of Huang et al. (1992) and has als/00ds. Values oH,,,, at Neches Bottom were slightly less
been used by several other authors (Farr et al. 1989; Leemans affdan those at Wier Woods and values laf,,, at Turkey
Prentice 1989; Pacala et al. 1993). Scatterplots (cf. Fig. 1) showe@reek, a dry upland site, were much lower. Values of s, the
that the error variance was correlated with diameter, so the starratio of initial slope toH,,, ranged from 0.024 to 0.114,
dard deviation of the erroe] was made to be a function of diame corresponding to initial height growth increments)(of

ter. The highest likelihoods for simple expressions of the errorg g_1 3 m per centimetre of diameter increment for small
term were attained when the standard deviation was equztitd trees. The largest values af were for the midstory tree

may then be interpreted as the coefficient of variation of height : .
when predicted from diameter. This situation is handled in likeli Carpinus caroliniana and the understory treeCornus

hood estimation by basing the likelihood function directly on the florida. Values ofb, the coefficient of variation of height as

equation for the error term. The equivalent conventional approaciredicted from diameter, ranged from 0.119 to 0.181 (12—

is weighted least-squares regression (cf. Huang et al. 1992).  18%), with the lowest value foPinus taedaScatterplots of
Several alternative models were considered for species found ithe data and the best equations give reasonable fits, with no

more than one of the study sites. All the models were based owbvious distortion of the relationship (Fig. 1).

eg. 1, but varied in which parameters were held constant from site

to site. In the “species” model, all paramet s, andb) were - -

a function of sppecies only, and thF()e Iikelihggsrd]géstimate )Was baseP'scuss'on

on z’;’\II the data for that species regardless of site. In_the “species X \wier Woods and Neches Bottom, both well-watered sites

site _modela all pa{amr:ate“rsH(m S, anddb)lwer;a i"f“”‘:t'on OL both  \yith comparatively rich soil, support the tallest trees and the

species and site. In the “constasitmodel, only Hy, was a fune highest values foH,,, in this study; the Turkey Creek site,

tion of both species and sits;and b were a function of species : . : -
only. In this model,s is held constant for a species; sites with a with excessively drained soils, has the shortest trees and the

higherH,,,, have a proportionately steeper initial slope. In the-con l0West values foH,,. This pattern is consistent with either
stants, model, H,,, was also a function of both species and site, the water-stress or maintenance-respiration hypotheses of

but an alternative formulation of eq. 1 was used tree height limitation (Friend 1993; Ryan and Yoder 1997).
. The pattern oH,,,, values among the study sites is difficult
2]  H =14+ MHmax~ 14{1-exp [-s,D/(Hmax— 191} to reconcile with the hypothesis of mechanical support
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Fig. 1. Height vs. diameter foPinus taedaat Wier Woods and Turkey Creek. Fitted lines are for the constanbdel; parameters are
given in Table 2.
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Table 2. Parameters for the constasmimodel for all species and sites.

Hmax

Neches Wier Turkey
Species Bottom Woods Creek s b
Acer rubrum 27.6 33.8 — 0.043 0.165
Carpinus caroliniana 18.5 — — 0.075 0.156
Carya texana — — 36.5 0.024 0.161
Cornus florida — 14.6 12.9 0.114 0.150
Fagus grandifolia — 39.0 — 0.029 0.175
llex opaca 21.9 25.1 — 0.043 0.181
Liguidambar styraciflua 37.0 39.0 32.9 0.035 0.136
Magnolia grandiflora — 30.0 — 0.035 0.142
Nyssa sylvatica 35.1 37.2 — 0.031 0.152
Pinus palustris — — 31.9 0.039 0.132
Pinus taeda — 40.8 315 0.041 0.119
Quercus alba — 34.0 — 0.041 0.120
Quercus falcata — — 27.3 0.042 0.151
Quercus nigra 34.2 36.8 — 0.035 0.147
Quercus stellata — — 24.4 0.038 0.173

limitations. In the first instance, the site with the most ebvi elongation during growth or inhibit photosynthesis through
ous mechanical constraints on height (Neches Bottom, witlstomatal closure. Water stress is probably common in the
shallow rooting due to seasonal soil anoxia) does not havarea, which is close to the southwestern range limits of most
the shortest trees. In the second instance, the tallest tree$the trees considered in this study. The correlatiof @
measured in the whole study were canopy emerdntis  with site water availability is consistent with the operation
taedaat Wier Woods; these trees are not sheltered by thef the water stress constraint.
surrounding canopy, and almost all of them survived a hurri  Maintenance respiration increases with height because of
cane passing directly over the site in 1986. the increased length of stem needed for support of a given
Increasing height can lead to increased water stress bothaf area (Friend 1993; Ryan and Yoder 1997). Lower avalil
through the increased water potential required to raise wateability of soil resources, by forcing higher allocation to eon
against gravity and the increased resistance of long transpostruction and maintenance of root tissue, could also limit
through the xylem (Friend 1993; Ryan and Yoder 1997).height by increasing the overall respiration load; this could
Low water potentials in turn can either directly limit leader account for the site-to-site differenceshf,,, Maintenance
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respiration is possibly the preferred explanation for -con Canham, C.D., Finzi, A.C., Pacala, S.W., and Burbank, D.H. 1994.
straints onH,,,, in midstory and understory specieBek Causes and consequences of resource heterogeneity in forests:
opaca Cornus florida and Carpinus caroliniand;, Hy,,, is interspecific variation in light transmission by canopy trees.
unlikely to be limited by water stress in these species unless Can. J. For. Res24: 337-349. N
xylem conductivity to water is much lower than in overstory Edwards, A.W.F. 1992. Likelihood (expanded edition). Johns
species. Hopkins University Press, Baltimore, Md. .

While H,. is related to ultimate constraints on height, the 7™ W-A., DeMars, D.J., and Dealy, J.E. 1989. Height and crown
s, parameter (H/dD at D = 0) is related to relative alloea ‘g.'flkth related tg dlat]neéer fcg egegggomgov\;estem hemlock and
tion between stem-diameter growth and leader elongation. A . Itka spruce. ~an. . ror. : Ny '

. . . . end, A.D. 1993. The prediction and physiological significance
high value ofs, is associated with a slender growth form un of tree height.In Vegetation dynamics and global change.

tl the tree apprpacheldma,_(. _The larges, V_alues f(_)rCOrnus Edited byA.M. Solomon and H.H. Shugart. Chapman & Hall,
florida and Carpinus carolinianaare consistent with the fact e\ vork. pp. 101-115.

that these species can generally rely on the shelter of othefjit;enstein, J.S., Harcombe, P.A., and Streng, D.R. 1986. Distur
trees and so do not risk the mechanical instability associated pance, succession, and maintenance of species diversity in an
with a slender growth form in a canopy tree. A constant east Texas forest. Ecol. Monodis: 243-258.

value of s as H,, varies from site to site implies that the Hall, R.B.wW., and Harcombe, P.A. 1998. Flooding alters apparent
initial slope of the height—diameter functiosY is approxi position of floodplain saplings on a light gradient. Ecolog$;
mately proportional td,,,. trees growing on sites support 847-855.

ing taller trees have a more slender growth form as saplingsdarcombe, P.A., Glitzenstein, J.S., Knox, R.G., Orzell, S.L., and
This may reflect a correlation between rapidity of leader Bridges, E.L. 1993. Vegetation of the longleaf pine region of the
growth (or frequency of leader die-back) and constraints west Gulf coastal plain. Proc. Tall Timbers Fire Ecol. Cat8:

on maximum height. Leader die-back is common during 83-104.

droughts in this area (MR Fulton and P.A. Harcombe- perHi”bOl’n, R., and Mangel, M. 1997. The ecological detective.
sonal observations), and the driest sites are also those thatPrinceton University Press, Princeton, N.J. _

support the lowest values ®f.,, Alternatively, the pattern Huang, S., Titus, S.J., and Wiens, D.P. 1992. Comparison of non
may be associated with optimal foraging for resources. Trees linear height—diameter functions for major Alberta tree species.
growing on better soils are expected to allocate more re- ©an. J. For. Res22: 1297-1304.

; . R King, D.A. 1990. The adaptive significance of tree height. Am.
sources to height growth (Tilman 1988), resulting in a slen Nat. 135 809-828.

g§r|igrr?tmcl;tgégrergiigr?cuanu;gr ttf;]eoyg:rgorﬁ(;)i:%rl]llgely to be IImItedLeemans, R., and Pren_ti_ce, I.C. 1_987. _De_scri_ption_and si_mulation
' of tree-layer composition and size distributions in a primaeval
Picea-Pinusforest. Vegetatiop9: 147-156.
Marks, P.L., and Harcombe, P.A. 1981. Forest vegetation of the
Big Thicket, Southeast Texas. Ecol. Mono§i.: 287-305.
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