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Characterizing shade tolerance by the relationship
between mortality and growth in tree saplings in a
southeastern Texas forest

Jie Lin, Paul A. Harcombe, and Mark R. Fulton

Abstract: We investigated the relationship between shade tolerance and sapling mortality using data collected over 15
years in a mesic forest in southeastern Texas. Seven species representing a range of shade-tolerance classes were in-
cluded in the study. We used survival analysis to estimate species-specific sapling mortality risk (hazard) as a function
of recent growth. We found that shade-intolerant species had higher mortality risk at zero growth than shade-tolerant
species. The results strongly support the point that shade tolerance can be characterized by the relationship between
sapling mortality and growth.

Résumé : Nous avons étudié la relation entre la tolérance & I'ombre et la mortalité des gaules a I'aide de données ac-
cumulées pendant 15 ans dans une forét mésique du sud-est du Texas. Sept espéces représentatives d’une gamme de
classes de tolérance & I'ombre ont éé incluses dans 1’étude. Nous avons eu recours & I'analyse de la survie pour esti-
mer le risque (la chance) de mortalité des gaules de chaque espéce en fonction de leur croissance récente. Nous avons
découvert que le risque de mortalité est plus élevé chez les espéces intolérantes que chez les espéces ombrophiles
lorsque la croissance est nulle. Les résultats supportent fortement 1'idée qu’il est possible de caractériser la tolérance a

I’ombre par la relation entre la mortalité des gaules et leur croissance.

[Traduit par la Rédaction]

Introduction

Interspecific differences in shade tolerance have been
widely considered as the driving force of forest succession
(Horn 1971; Bormann and Likens 1979; Shugart 1984;
Glizenstein et al. 1986). Nevertheless, the mechanism of
shade tolerance is still unclear and quantification of shade
tolerance has been difficult. Tables that placed tree species
into groups of shade-tolerance categories based on experi-
ence and observation have been used to describe relative
shade tolerance among different tree species (e.g., Baker
1949: Fowells 1965: Burns and Honkala 1990).

Although this way of grouping has been proven to be use-
ful, a better understanding of shade tolerance and its role in
forest dynamics requires attention to the underlying mecha-
nisms and associated life-history traits. In the construction
of SORTIE, a forest dynamics model in which parameters
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were estimated from field data, Kobe et al. (1995) developed
explicit functions that predict sapling mortality from growth
and growth from light. They found that intolerant species
have higher mortality in low light than tolerant species.
They also found that, in general, shade-tolerant species sur-
vive better than intolerant species at low growth rates. They
concluded that the parameters of these functions could serve
as quantitative measures of shade tolerance. Later results at
different study sites supported this point (e.g., Kobe 1996;
Kobe and Coates 1997).

However, the function relating mortality and growth was
developed using cross-sectional census data. The cross-
sectional approach depends on the critical assumption that
the counts of dead and live saplings along experimental
transects can provide a reliable estimate of death rate. A
more direct way of predicting mortality from growth is to
conduct a long-term study on growth and mortality in a sap-
ling population (Pacala et al. 1996; Kobe and Coates 1997).
So far, few longitudinal studies on sapling growth and mor-
tality in natural forests have been reported. In this study, we
used survival analysis on sapling demographic data collected
over more than 15 years to characterize shade tolerance by
the relationship between sapling mortality and growth for
seven species.

Methods

The study site, Wier Woods, is located in Hardin County, Texas
(30°16'N, 94°12°W), approximately 16 km north of Beaumont. The
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Table 1. Comparison of growth and size as mortality predictors,
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Chu-sguare (Hy;: .

Shade Sample Full maodel Reduced Feduced Cha-square (Hy:

Spevies toleriance siee 15+ G) made] (G) mardel (%) na size effect) ni growth effect)
LIST 1 252 ~243.60 =247 40 -2T0.33 360 49 34==

ACRU 1 354 =2 B9 267,34 -299.79 (.50 65 8=

NYSY T 529 —4iats. 70 43061 —481.26 27.82== 29.]12%=

MAGRE T 423 — 164,260 -170.10 18], 50 i68 25.08*=*

COFL WT 1494} = 108,499 =1 003 -110.12 (.26 244

1.op T 17 -321.59 42167 —428.04 016 14.T0==

FAGR VT L] 35.15 56,17 —55.69 205 1.0

Note; The Tull model includes both size and growth (5 + Gl The two reduged mvodels include only growth (G) or siee (5) The rull hypothesis of the

likelihood atio test ILRT=) is no effects of sive or growth, respeciively. Columns -6 give the loganthm of likelihood of the Tull model and the tao
reduced models, respectively. Species are coded as follows: LIST, Liguidamisar strvrae ilaer; ACRU, Acer rubrom; NYSY, Nvasa svlanca: MAGR,
Magrolie prandiflora; COFL, Cornay florida, ILOP, Hex opaca: FAGR, Fagas grandifolia. They are listed in ascending order of shade tolernes (atter
Burns and Floncala 1990; 1, imolerant: T, tolerant: VT, very tolerant), *%, p o« 000 (LRT, df = 1)

stamil dominants include loblolly pine (Pinus faeda 1), water oak
(Duerces aigea L), upland laure]l oak (Qwercus hemisphaerica
Bartr.), white oak (Qeercus alba L), Amencan beech (Fagus
grandifolic Ehrh.), southern magnolia (Magnolic grandiflera L.
blackgum (Nvssa svlvarics Marsho ), and sweelgum { Liguidambar
stevarcifTna L), Important understory rees imclude American holly
i(Mex opaca Ai), red maple (Acer rebram L), and flowering dog-
wood (Cornns Jorida L. The soil is a fine, loamy, thermic
Glossaqualf. The mean wnderstory hght availabality 1= 6_1% full
sun (K. Hall, unpublished data).

The seven species included in this study are shade-intelerant
sweelgum: shade-tolerant red maple, blackgum, and southern mag-
nolia: and very shade-tolerant Amencan beech., American holly,
and flowering dogwood (the shade-tolerance classes here are based
on Burns and Honkala 1990),

Surveys of live trees and saplings have been performed since
1981 on a d-ha plot. All rees with DEH (diameter at breast height,
about 1.4 m from the groundy =20 cm were tagged and DBH was
measured 1o the nearest (b1 cm with 2 DBH 1ape every 3 years (ev-
ery 2 vears in early measurementsh. In addition w the periodic
measurcments, cach tagged wee was checked annually o see
whether it was alive or dead. All dead and live saplings with
T0em < DBH = 10,0 em were included in this study (see Table |
for numbers by species). The size-class Timit was chosen because
most saplings with 10 ¢m DBH were not 1all enough to have fo-
linge reaching canopy height.

The growth value for a sapling that died duning the study was
the difference in radivs over the Iast full interval prior o death di-
vided by interval length, The growth value for a live saplimg was
the difference i radius between 1995 and 1998 divaded by 3. (Be-
cause different time mtervals were anvolved for live saplings, we
tested the growtl variation among intervals, and it was not signifi-
cant: results are not shown. )

Survival time was calculated as the length of time a sapling was
followed during the course of the study. [ a sapling died. then ns
survival time would be the difference of tme between the vear of
death and the vear when it entered the study, If a sapling was still
alive at the end of the study (1998), its survival time was calcu-
lated as the difference between 1998 and the year when it entered
the soedy, and the individual was flagged as right censored (Cox
and Oakes 1984 Lee 1992). The contributions of ¢ensored and
noncensored individisals to the overall likelihood function differ.

Wi checked the underlyving distribution for survival time and
found that the data can be deseribed by the exponential distribu-
tion. Thus, the probability density function 15 (Cox and Oakes
1984: Lee 19921

[1] Ty = he™?

where T is the lifetime in years and A is the instantancous mortality
risk (hazard) given the sapling has survived to time 1

The survival function gives the probablity that the lifetime of a
sapling is equal to or greater than arbitrary time length ¢ (Cox and
Oakes 1984 Lee 19921 I s defined as

21 S(Ty=PTz)=e™

where T is the lifetime, 1 is any time length we define, and 3, is the
same as in eq.

If & sapling survived the final census date (censored). then its
contribution to the likelihood is (7). 1F a sapling died during the
study, then s contribution to likelhood is 07, Let ¢ be the num-
ber of saplings that die during the time of study and » — r be the
number of saplings that are censored, T, and 1 are lifetime of a
noncensored and censored sapling 1, respectively. The likelihood
function for all saplings 1= then (Lee 19923

(3] :.;l;[l e"’-’-i']u A
i=1 =l

The poual of this analysis s o predict & (mortality risk or hazand)
using potential covariates, such as recent growth (radial increment}
and initial size (radius), The parameter A can be predicted with daf-
ferent models depending on the relationship between mortality risk
and polential predictor variables (covariates). For the negative ex-
poenemtial function, the relationship between Hoand the covariates is
then

=S BX,

(4] h=¢ T =R

where X, is the potential predictors. The parameters o be estimated
are the s, We used a multiplicative error term B so that the model
could be lingarized to a familiar form.,

We tricd differem combinations of predictor variables, starting
with a Tull model including hoth size (radiusy and growth (annual
radial increment), as well as their imeraction. Since the interaction
term was only significant for one species out of seven (results not
shown ), we dropped it as a key predictor variable. We further fined
two reduced models with only growth and with only initial size
Model fitting was done by the SAS LIFEREG pm-(‘(‘{llll't: (5AS In-
stitute Inc. 1994). The procedure works by maximizing the likeli-
hood function {eq. 30 and finding the maxomum  Likelihood
estimates of parameters ([Fs) Likelihood ratio tests were used 1o
test for significant effects of cach predictor variable.

To identify differences among species, pairwise companisons of
paramcier estimates were performed by ftting o full model with
dummy variables coded for different species. Then we fitted a se-
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Table 2. Parameter esiimates of the negative exponential model for different species.

Shade Mortality

Species tolerance f Iy 95% Cl of by 055 C1 of b risk (A} 95% C1 of A

LIST 1 A ik Z.153% 2.538-2.973 1.755-2.551 (L6306 (NS ] 1=, 0T
ACRU T 2590 2,276 26203088 1.930-2.0622 (L3 Tha (L0456-0.07248
NYSY T 3. 16T 2.20q%+ 31523182 1.851=2.747 (L0421 ab 0.0415-0.0428
MAGR T 3.339% 16294 JOR5-3.643 09422315 (L0355abh (h 024000505
COFL YT 3623 0675 32194028 0.215-1.134 (L0267 e (1,00 TR0 040k
1ILOP T 4.585%* 0076 4. 3104 860 0.710-1.243 (RO 02 (LO0T8-00.0] 34
FAGR VT 4.834ue= 0,608 3 R00-5.759 0001238 (L0 (LO032-0.0205

Mote: Species-spocific morality risk (&) at zero growth is calculated as expi-fy). Values within a column not sharing a same leter are significantly
different from each other based on the likelihood ratio west (LRT, df = 1) fallowed by Bonferroni adjustment for multiple comparisons (the fumbywise o level
is contrelled ot 0.08), Species and wlerance codes are the same as in Table 1. &y and & are estimates of §s from eq. 4. %%, p < 001 (¢ ° ted. df = 1)

ries of reduced models as special cases of the full model, Since the
reduced models and the full model were nested, the likelihond ratio
tests were used 1o test for significant effect of species on model fi-
ting. The Bonferroni adjustment for multiple compansons was used
to reduce the probability of making a type 1 ereor,

Results

Growth was better than size as a predictor of mortality
iTable 1). The growih effect was highly significant for five
of the seven species: the effect of size was only significant
for blackgum, For the sake of consistency, we dropped size
as a predictor variable Tor monality. Other studies have also
shown that size did not have direct influence on mortality
for small saplings (Kobe et al, 1995 Kobe 1996) and that
initial seedling size alone could not guarantee long-term sur-
vival unless growth rates were high as well (Grubb et al.
1996 Walters and Reich 1996),

Comparing species, there were differences in the shape of
the morality—growth relationship (Fig. 1). In particular,
maorlality risk at zero growth decreased as shade-tolerance
rank increased (Table 2, Fig. 21 It may be noted that species
did not clump into distinet elasses corresponding to shade-
tolerance ¢lasses, This pattern is consistent with the idea tha
there is a cominuum of shade tolerance (Carter and Klinka
1992; Pacala et al. 1993, 1994: Wang et al. 1994 Kobe and
Coates 1997),

The estimated slope parameter ([5,) represents how fast
maortality risk changes as growth increases. The results indi-
cate that the more shade tolerant a species, the less sensitive
it is 1o changing growth (Table 2. Fig. 1). None of the
pairwise comparisons was significant (Table 2). This may be
due to the relatively conservative nature of the statistical
tests ( Bonferroni adjustment for multiple comparison), or it
may be that differences in sensitivity 1o growth among spe-
cies are relativelv weak, making species-specific slope pa-
rameter a less important component of shade olerance.

Expected lifetimes at different growth rates (the inverse of
A3 were caleulated 1o facilitate imerspecihic comparisons,
Species varied by a factor of eight in the expected lifetime at
zere growth (Fig. 3k from only 15 years for sweetgum 1o
125 wears for beech. The two maost shade-tolerant species
{beech and holly) retained their survival advantage over a
fairly  broad range of growth rates, but above about
I mmfyear the expected lifetimes of the intolerant species
increased rapidly. as might be expected, Alhough expected

lifetimes would exceed actual lifetimes because of mortality
that is unrelated o growth, comparisons are helpful in iden-
tifying the range of conditions over which species in various
telerance classes might predominate.

Discussion

Our findings that parameters répresenting survival at low
srowth correspond to the traditional shade-iolerance classifi-
cation are consistent with results of previous studies (Kobe
¢l al, 1995; Kobe 1996; Kobe ind Coates 1997) using cross-
sectional data. Going beyvond that, the comparison of the ex-
pected lifetimes indicates that the growth threshold below
which shade wlerance determines future dominance may he
relatively high. That is, shade-tolerant species retain their
competitive advantage even at above-average growth rates
when growth is not strongly suppressed (eg, holly and
beech at radial growth rates of | mmfvear). Only if large-
scale disturbance occurs and higher growth rates ensue are
less tolerant species expected o gain a substantial compet-
live advaniage.

The pattern of mortality risk among different species is in
agreement with successional roles predicted by previous
studies in  this forest (Harcombe and Marks 1983
Glitzenstein e al. 1986). Harcombe and Marks (1983} found
that beech. magnolia, and holly have low mortality rates i
all size classes, and they predicted that this forest wourld ap-
proach to beech-magnolia=holly climax. The resulls ob-
tained  from  the mortality—-growth model in this  study
strongly support this prediction. The agreement of thas study
with that of Harcombe and Marks (1983) strongly supports
the point that interspecific differences in mortality are im-
portant to forest dynamics.

Kobe e al. (1993) used cross-sectional data to find the
best-fit mortality—growth function that reshapes the overall
growth distribution into growth distributions for dead and
live saplings. The survival analysis that we used is more di-
rect, and 1t requires fewer assumplions.

Since this study was performed in a different forest with
different methods, the consistent results suggest that the
shade-tolerance theory as described by the monality-growth
model may apply across a fairly wide range of systems. This
study strongly supponts the assertion that the mortalitv—growth
relationship is a key life-history characteristic that deter-
mines shade tolerance.
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Fig. 1. Predicted probability of mortality (L) with 95% confidence interval for each of the seven species. Broken lines are the upper
and lower limits of prediction; solid lines are the mean predictions. The probability of mortality was computed using parameter esti-
mates of eq. 4 in text. Species are arranged in descending order of A values at zero growth from top to bottom and left to right.
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Notes

Fig. 2. Comparisons of predicted mortality risk (1) at zero
erowth with 95% confidence interval for different species. Spe-
cies are arranged from left to right according to their shade tol-
erance ranks. Species tolerance codes are given in Table 1.
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Fig. 3. Expected lifetime as a function of annual radial growth
for different species. Expected lifetimes were calculated as the
inverse of mortality risk. Species codes are given in Table 1.
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