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DEMOGRAPHIC GROWTH ANALYSIS

James B. McGraw and Keith Garbutt!

Conventional plant growth analysis (Blackman 1919)
and recent advances in it (Causton and Venus 1981,
Kauffman 1981, Parsons and Hunt 1981, Hunt 1982)
have provided useful tools for describing plant growth
in terms of biomass accumulation. However, for cer-
tain kinds of studies, growth analysis has serious draw-
backs. These include: (1) Growth analysis is difficult
to implement in field studies. Roots are difficult, or
often impossible, to isolate from natural soils, and thus
total plant biomass often cannot be obtained. Even
where complete destructive harvests can be carried out,
environmental heterogeneity increases the sample size
required to obtain firm estimates of growth parameters.
(2) Using the conventional harvest methodology of
growth analysis, growth rate cannot be determined for
individual plants, making it difficult to estimate vari-
ance in growth parameters among individuals. (3) Con-
ventional growth analysis is labor-intensive; this places
limits on the sample size that can be achieved per
harvest, which in turn (a) limits the ability to determine
growth rates over short intervals, (b) restricts the num-
ber of treatments for which growth parameters can be
calculated, and (c) decreases the power of statistical
tests for treatment differences. (4) Unless plants are
rearranged at every harvest, densities change through
the course of an experiment. This change in density is
a particularly serious problem in the field, where den-
sity change cannot be readily accommodated by mov-
ing plants.

Bazzaz and Harper (1977) pioneered a new approach
to analyzing growth that recognized the modular, pop-
ulation-like structure of an individual plant. By mark-
ing and censusing parts of the plant, it was possible to
measure births and deaths of those parts, calculate
turnover, population growth rates, etc., giving a great
deal of information about the dynamics of growth with-
in an individual plant. Demographic models could now
be applied to the “metapopulation” as a completely
different way of assessing plant growth. Many research-
ers followed the lead of Bazzaz and Harper (1977),
applying modular, demographic approaches to a va-
riety of species in natural environments (e.g., Abul-
Fatih and Bazzaz 1980, Shaver 1981, Maillette 1982,
Chester and McGraw 1983, Fetcher and Shaver 1983,
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Garbutt and Bazzaz 1983, McGraw and Antonovics
1983, McGraw 1989). With this method, some dis-
advantages of classical growth analysis are overcome,
including the problems of variance estimation and ap-
plication of the method in field studies. Despite its
many good features, modular demography has draw-
backs. One problem is that links of modular growth
rate to photosynthesis, and hence to other physiological
processes, are less clear. For example, a modular anal-
ysis yields no equivalent of unit leaf rate (the rate of
biomass increase per unit leaf area), which is propor-
tional to a time-integrated measure of photosynthesis
on a whole-plant basis. A second problem is that per-
forming detailed censuses to parameterize demograph-
ic models can be labor-intensive; hence estimates of
modular population growth rate on a large number of
individuals may be impractical.

In the present paper we present demographic growth
analysis, a hybrid approach that retains the formal
mathematical structure of growth analysis, while in-
corporating the advantages of modular demography.
The essence of demographic growth analysis is that a
proper surrogate is chosen for plant dry mass, utilizing
the concept that a plant is constructed of a population
of parts, and that this metapopulation size () can ef-
fectively substitute for destructive measures of plant
dry mass in growth analysis. The particular plant parts
chosen—e.g., leaves, stems, buds, shoots—can vary
from species to species, depending on what is appro-
priate. Below, we illustrate the new method with a
study of ten seed families of Abutilon theophrasti, a
common weed of agricultural fields. A parallel com-
parison of demographic and conventional growth anal-
ysis illustrates the effectiveness of the new approach.

Methods

Demographic growth analysis. Seeds of ten half-
sib families of A. theophrasti were collected from plants
growing in a corn field at the University of Illinois field
station (Philips Tract) near Urbana, Illinois, in fall,
1983. On 7 March 1988, after breaking dormancy by
boiling the seeds for 15 s, 2—4 seeds from each family
were sown in each of ten plastic pots (# = 100 pots;
10 pots per family) containing 250 mL of turface
(chipped montmorillonite clay; Applied Industrial Min-
eral Corporation). Pots were assigned completely ran-
domly to positions on a greenhouse bench where they
were kept for the duration of the experiment. Within
one week most seedlings had emerged, and pots were
thinned to a density of one plant per pot. Pots were
watered twice daily for the first 10 d and once daily
thereafter. Fifty mL of Miracle Gro nutrient solution
were added to each pot at weekly intervals. Censuses
were carried out 10 d after sowing, then weekly there-
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TABLE 1.
= mean plant biomass for a group of harvested plants,* A

NOTES AND COMMENTS

Ecology, Vol. 71, No. 3

Formulations for conventional growth analysis and demographic growth analysis. W = total plant biomass,* w

= leaf area, A = mean leaf area, t = time, and n = number of

modules. To differentiate between conventional growth analysis (GA) and demographic growth analysis (DGA) we write
the acronym for the demographic quantity with a “D” at the beginning (e.g., RGR -~ DRGR).

DGA analog
GA instanta- instanta- DGA analog interval
Derived quantity Acronym neous value GA interval formula neous value formula
dw Wz — Wn dn M~ M
Absolut th rat DAGR — — _—
solute growth rate m p— I —
Absolute growth rateinleaf  DAGR, dA A, - A dA A, — A
area dt t, — t, dt t, -t
1 W InW, —In W 1 Inn, — In
Relative growth rate DRGR = 2 . —~@ 20— 2
dt tL -t n dt L, -t
Relative growth rate on 1 dA InA, —InA, 1 dA In A, — In A,
: DRGR, e L1da mA, = InAy
an area basis A dt Lt A dt L-
Unit leaf rate (=net DULR 1 .dw W, — W,\ (In A, — In A, 1 dy <n2 —m\ (InA; —In A,
assimilation rate) (=DNAR) A dt t, — t, A, — A, A dt -t A; — A
_ 1 dA A, - A,) <ln W, — In W, 1 dA <A2 - A,) <In 7 — In n.>
Unit module rat DUMR - : = = —— :
! 4 ¢ t W dt <tz—t. W, - W, n dt L n T M
A A,/W;) + (A/W +
Leaf area ratio DLAR A AW + (A/W)) A (As/m) + (Av/m)
w 2 n 2
A+ A - + -
Leaf area duration DLAD Does. not A+ At — 1) Does. not (A + A, — 1)
exist 2 exist 2
W, + W —t + )ty — t
Module number duration DMNDf¥ Does not W, Wot; — 1) Does not m + 7). — )
exist 2 exist 2

* W and W have been used, rather than M and M, for mass in order to conform with the established conventions of the

growth-analysis literature.

+ Not standard for conventional growth analysis, but can be computed from the data.

after for 12 wk, by which time most plants had ceased
growth and become reproductive. Each census in-
volved counting and marking leaves on each plant. At
the first census, leaf area was measured on each plant
directly and nondestructively using a video camera-
based area meter (Delta-T Devices, Cambridge, En-
gland). In subsequent censuses, leaf length was mea-
sured on each leafto determine leafarea by polynomial
regression, using an equation derived by harvesting a
few additional plants at each census (#> > 0.97 for all
equations used). Destructive harvesting was not nec-
essary for this procedure. However, since conventional
growth analysis was being carried out at the same time,
it was convenient in this instance.

To differentiate between conventional growth anal-
ysis (GA) and demographic growth analysis (DGA), we
propose that the acronym for the demographic quantity
be written with a “D” at the beginning; thus “RGR”
would become “DRGR,” etc. Absolute growth rates
(DAGR and DAGR,), relative growth rates (DRGR
and DRGR,), unit rates (DULR and DUMR), de-
mographic leaf area ratios (DLAR), leaf area duration
(DLAD), and module number duration (DMND) were

determined for each individual plant in each census
interval in the experiment according to the formulas
in Table 1. Most of these measures have a direct analog
with conventional growth analysis, which allows a di-
rect comparison of the two parameters (although units
will differ). Demographic relative growth rate (DRGR)
is equivalent to the natural log of A in modular de-
mography for module populations in a stable stage/age
distribution.

Since growth parameters could be determined for
each individual plant, one-way analysis of variance
could be used to determine whether there were signif-
icant differences among families. This analysis was car-
ried out using PROC GLM (SAS 1985).

Conventional growth analysis. At the same time
and in the same manner as for the demographic growth
analysis experiment, seeds were sown for conventional
growth analysis in 500 pots randomly placed and in-
termingled on the same greenhouse bench. Fifty plants
from each of the same ten half-sib families were plant-
ed, to permit 10 harvests of 5 plants per family at each
harvest. Plants were treated in the same manner upon
emergence as those used for demographic growth anal-
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ysis. Harvests were carried out at the same times as
for demographic growth analysis, although after har-
vest 7, they were carried out bi-weekly to extend the
analysis into the flowering phase. At harvest the growth
medium was washed from the roots, plants were di-
vided into root, stem, leaf, and reproductive tissue,
and dried at 65°C for at least 48 h.

Conventional growth analysis parameters were de-
termined by family for all plants, using the formulas
in Table 1. Means and variances of growth parameters
across all families were calculated, but these were not
determined for each family separately since the growth
parameters are not measured on each individual within
a family in conventional growth analysis. Three of the
growth parameters (RGR 4, AGR,, and LAD) could be
compared directly with those obtained from demo-
graphic growth analysis, since the formulas are the same.
This allowed an evaluation of whether procedural dif-
ferences between methods influenced the measured
growth parameters. The remaining six growth param-
eters differed in units for the two procedures, and there-
fore could not be compared directly. However, the pat-
terns of change in these parameters were compared by
superimposing the values on the same graph.

Results

Using demographic growth analysis, we detected sig-
nificant differences in several growth parameters among
half-sib families of A. theophrasti. Early allocation dif-
ferences were evident in the variation in DLAR and
DLAD (P < .05). Early differences in DULR (census
intervals 2-5) were followed by differences in both ab-
solute and relative growth rates (DAGR, DRGR, and
DRGR,; P < .05). Family means for DRGR and
DULR during census interval 5 were positively cor-
related with mean final leaf area achieved by that fam-
ily (r2=0.53, P < .05 for DRGR; r2=0.677, P < .05
for DULR). Differences among families generally de-
creased past census interval 5. The analyses described
above were performed separately for each census in-
terval. However, the experimental design also lends
itself to one of a number of repeated-measures analyses
(e.g., repeated-measures ANOVA).

In A. theophrasti, because of the sharp changes in
the size of successive leaves, many of the demographic
growth parameters do not parallel their counterparts
in conventional growth analysis, i.e., leaf number is
not a good surrogate for mass in this species. Therefore,
strictly area-based measures of growth rate (DAGR,,
DRGR,) and pattern (DLAD) best approximated con-
ventional measures (Fig. 1). As expected, the curves
for these parameters were parallel for growth analysis
(GA) and demographic growth analysis (DGA). Small
differences in a few censuses may be due to differences
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Fig. 1. Comparison of growth analysis parameters and

their demographic growth analysis analogs that have common
units. Acronyms are defined in Table 1. @ values derived
from demographic growth analysis; O values derived from
conventional growth analysis.

in the methods of estimating area for GA and DGA.
The GA method clearly missed fluctuations in DAGR 4
and DRGR, due to the 2-wk census interval near the
end of the experiment (vs. 1 wk for DGA; Fig. 1A, B).

Some DGA and GA parameters showed similar pat-
terns over the course of the study, but were displaced
to the right or left for DGA (Fig. 2A-C). This is ex-
plained by the fact that leaf numbers reached a plateau
early, while mass continued to increase until the end
of the experiment. Other parameters differed between
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FiG. 2.

Comparison of growth analysis parameters and their demographic growth analysis analogs that are measured in

different units. Acronyms are defined in Table 1. @ values derived from demographic growth analysis; O values derived from

conventional growth analysis.

the two methods, and DGA revealed aspects of growth
that were not evident from GA. For example, DAGR
(Fig. 2D) dropped below zero during the 2 wk corre-
sponding to flower bud formation, increased while
flowers were open, and decreased again during capsule
formation, suggesting that leaf birth, senescence, and

abcission were strongly tied to the reproductive activity
of the plant.

In general, parameters estimated by DGA had small-
er standard errors than their counterparts estimated by
GA. This was most likely due to the larger sample size
possible with DGA than GA.
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Discussion

The advantages of the composite demographic growth
analysis approach are: (1) Measurements are made on
the individual, and thus legitimate estimates of vari-
ances of DRGR and DULR can be determined (as well
as of the other parameters), allowing comparisons of
genotypes, species, and treatment effects in a rigorous,
statistically sound manner. In addition, growth is being
measured on the same units as physiological measure-
ments (the individual, and leaves or shoots within the
individual), and thus physiological variation can be
related directly to growth-rate variation. (2) Retaining
the mathematical structure of classical growth analysis
maintains the links with physiological variation. (3)
Measurements are readily carried out in the field. (4)
For a given amount of effort, the sample size can be
approximately two- to three-fold greater for demo-
graphic than for conventional growth analysis. This
lowers the standard error of the measurements, and
increases the power to detect statistical differences
among groups of plants. (5) Densities can be kept con-
stant or allowed to change naturally, since plants are
not removed by destructive harvesting.

The disadvantages of demographic growth analysis
are those inherent in most demographic approaches:
The entire plant is not measured, and thus a complete
biomass budget and allocation pattern cannot be es-
timated. Roots, especially, are ignored, and while de-
mography of roots is theoretically possible, root bio-
mass is easier to measure than root numbers. This
problem can be reduced by destructively harvesting a
few plants at each census to obtain allometric rela-
tionships that can allow whole-plant dry mass to be
estimated from the non-destructive measures (example
in Schmitt et al. [1987]). Knowing the ratio of biomass
to module number from harvested plants, biomass
could then be derived for censused plants from module
number. A second problem is that number of modules,
unlike plant biomass. is a discrete value, so that a
somewhat arbitrary decision must be made concerning
when a module can be counted. This, too, can be ac-
commodated, particularly in modules where size can
be calculated as a proportion of final size achieved on
expansion. For example, if a leaf is half-expanded (has
half of its final area), it could be counted as 0.5 leaves
at that census. This procedure could smooth growth
curves plotted for individual plants and reduce the
variance in module number at each census. A third
problem is that for some plants it may be difficult to
find an appropriate demographic surrogate for bio-
mass. Indeed, this was illustrated by the present study;
in A. theophrasti, leaf number is not highly correlated
with leaf area or total biomass. Therefore, this annual
plant is not an ideal species for demographic growth
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analysis. The fact that the demographic analysis was
successfully applied to it suggests that the technique
will work very well for other species with a modular
architecture. For plants in which modules are highly
variable in size (as for leaves in A. theophrasti), leaf
area can be used. However, most species possess a
variety of easily counted modules (leaves, buds, nodes,
shoots, etc.) that can be used for demographic growth
analysis. As our analysis also showed, even where these
measures do not parallel biomass changes, useful in-
terpretations can be made. The technique could be
readily adapted to studies in perennial plants by length-
ening the interval between censuses; an annual census
at a prescribed date or phenostage might be most ap-
propriate in long-lived plants. With large perennials
such as shrubs, trees, or clonal plants, subsampling the
module population would permit manageable censuses
for demographic growth analysis.

QOurs is not the first attempt at hybridizing conven-
tional and alternative techniques for analyzing plant
growth (Hunt 1978, Hunt and Bazzaz 1980, Porter
19834, b). Hunt (1978) proposed, and later tested (Hunt
and Bazzaz 1980), a method that scales down growth
analysis to operate at the modular level. This approach
was shown to be useful in interpreting the details of
the modular response to fertilizer of Ambrosia trifida.
Demographic growth analysis takes precisely the op-
posite tack, scaling up modular analysis to the level of
the individual. This is essentially an extension of in-
direct growth analysis (Chiariello 1989). Typically, in-
direct growth analysis has involved making estimates
of total biomass and area, using allometry determined
by parallel harvests, for the purpose of performing clas-
sical growth analysis on the derived biomass values
(Ondok 1971). Although this procedure could be fol-
lowed with DGA (not shown in this study), we would
argue (as others have for strictly demographic analy-
sis—e.g., Harper 1980) that module number may in
many cases be more relevant to ecological performance
(effect on neighbors, flower production, survival, re-
sistance to herbivores, etc.) than biomass. Thus de-
mographic growth analysis goes beyond emulating con-
ventional growth analysis, permitting experiments,
results, and conclusions not possible with other tech-
niques.
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WILL THE REAL SELF-THINNING
RULE PLEASE STAND UP?—A REPLY
TO OSAWA AND SUGITA

Donald E. Weller!

In their recent comment on my reevaluation of the
self-thinning rule for even-aged plant populations
(Weller 1987a), Osawa and Sugita (1989) raise three
questions that require further discussion. What is the
self-thinning rule? What kind of data and analyses are
relevant to testing the rule? Do recent analyses support
or refute the thinning rule as a quantitative law? I would
like to address these questions, compare our ap-
proaches to the thinning rule, and clarify some mis-
conceptions about my monograph (19874).
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The classic thinning rule states that measurements
of crowded, even-aged plant populations form a thin-
ning line of slope —' when the logarithm of stand
biomass (in mass per unit area) is plotted against the
logarithm of plant density (in plants per unit area); or
equivalently, a line of slope —3 when average plant
biomass is plotted in place of total stand biomass (see
review in Westoby 1984). At its zenith (see White
1981, Hutchings 1983, Westoby 1984), the rule united
several size—density relationships that were all consid-
ered facets of a single quantitative law. More recently,
the rule has been divided into two concepts that should
be tested and explained independently: the interspecific
size—density relationship and the single-species thin-
ning line (Zeide 1985, 1987, Weller 19874, 1989, Nor-
berg 1988, Lonsdale 1990).

Osawa and Sugita (1989) advocate a different defi-
nition of the single-species thinning rule than the one
I tested. They define the thinning line strictly as an
upper boundary of possible yield—density combinations
for a species, and fit the thinning line using data from
the most extreme of several hundred stands. I refer to
this line as the species boundary line. In contrast, I
focused on the straight line that is approached and
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