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Abstract

A model of the within-season growth of terrestrial orchids is presented. The model predicts the size of the tubers
of Dactylorhiza majalis and Dactylorhiza fuchsii. Therefore, destructive methods can be avoided when sampling these
rare orchids. The correlation coefficient and the slope of the relation between two consecutive measurements of leaf
area early in the season are good indicators of plant performance. The average tuber size is indicated by the
correlation coefficient and the maximum photosynthetic activity of the plants by the maximum slope of this relation.
Data are presented on the seasonal growth of leaves and inflorescence of D. majalis. This was obtained by monitoring
the above ground growth of a large number of individual plants. The model predictions are compared with empirical
data from the literature and new data. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

As the numbers of terrestrial orchids decline
throughout the world, considerable concern has
been expressed about their survival. Efforts are
being made to halt this decline by managing areas
where they still exist in a more sympathetic man-
ner. To do this effectively, it is necessary to study
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all aspects of their population ecology. This will
include gathering data on their demography, as
well as monitoring response of terrestrial orchids
to changes in environment (Wells and Willems,
1991). However, tools are needed for measuring
this response.

A good tool for this would be a simple model
of the within-season energy partitioning between
vegetative, reproductive and storage organs. Life
history theory makes predictions about optimal
energy allocation and some of the models might
even be applicable to terrestrial orchids (Loehle,
1987; Pugliese, 1987; Pugliese and Kozlowski,
1990; Iwasa, 1991). Unfortunately, these models
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mainly concentrate on theoretical predictions like
the equilibrium size of the storage organ and its
critical size, below which it is optimal to grow but
not reproduce, etc. Predictions of the within-sea-
son patterns of energy allocation between individ-
ual parts of plants are not available and therefore
a simple predictive model is needed.

Some data are available on energy allocation
strategies in terrestrial orchids (Primack and Hall,
1990; Whigham, 1990; Zimmerman, 1990; Zim-
merman and Whigham, 1992) and in other peren-
nial plants (Rees, 1972; Ruiters and McKenzie,
1994, etc.). However, complete seasonal budgets
of energy allocation in terrestrial orchids are rare,
and have been compiled by the destructive sam-
pling of plants (Whigham, 1984; Dixon, 1991;
Leeson et al.,, 1991). Therefore, the budget is
based on measurement made on different individ-
uals rather than the same individual throughout a
season. This method of sampling greatly limits the
number of specimen measured, especially when
the plants are rare.

In this paper, we present data on the seasonal
growth of leaves and inflorescence of Dactylorhiza
majalis using a non destructive sampling method,
which enabled us to measure a large number of
specimens and follow each of them throughout a
whole season. We then present a model of within-
season growth and compare its predictions with
our own empirical data and that in the literature.
This model predicts the size of below-ground
parts and therefore, in combination with non
destructive sampling might be substituted for the
currently widely used destructive sampling. We
verified these predictions on a limited data set that

Table 1
Site details

was available on the relation between the leaf area
and the below-ground parts of D. majalis and
closely related D. fuchsii.

2. Material and methods

Details of the five sites, wet meadows situated
in South Bohemia, are given in Table 1. No
fertilisers have been applied to the sites during the
period of observation. Maximum width and
length of each leaf, height of the flower stalk and
of the inflorescence of 30—100 plants of D. majalis
were measured at approximately weekly intervals
during the whole vegetative season in 1992 and/or
1994,

The total leaf area was estimated by summing ¢
(width x length) for all leaves of the plant. Within
a species, the leaves are geometrically similar and
therefore ¢ is a constant and was in this case set
equal to 0.5. Although this may not be the true
value of ¢, it did not affect the subsequent analy-
ses, in which the relative total leaf areas of plants
are compared. For those plants that were not
damaged (grazed, etc.) during the season, the total
leaf area, x, as a function of time, ¢, was fitted by
means of a logistic equation

dx/dt = rx(1 — x/K), with x(0) = x, )

to obtain the growth rate of leaves of plant i, r,
and the asymptotic maximum leaf area of this
plant, K. This was carried out in order to correct
measuring errors and to estimate r,. Time was
used as the independent variable. The same func-
tion was used to fit the growth in the height of the

Site name Year Code Altitude Characteristics Dominant species Mown

Milikovice 1992 m92 500 Wet Seratulla tinctoria Yes
1994 m9%4

Ohrazeni 1994 094 520 Less wet Betonica officinalis Yes

Vrb. Rybniky 1992 v92 400 Wet Sanguisorba officinalis No

Cakov 1994 c94 410 Partially shaded Alopecurus pratensis No

V Lisovech 1994 794 650 Peat bog Menyanthes trifoliata No
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Table 2

169

Correlations between the growth rate of the leaf area, r, maximum leaf area, K, maximum length of the flower stalk, S, and
maximum length of the inflorescence, F;, measured in different plants, i, within and between sites®

p(r, K) p(r, S) p(r, F) p(K, S) p(K, F) p(S, F) g g
m92 —0.28 0.03 —0.19 0.46 0.34 0.55 29 40
v92 0.04 0.30 —0.42 0.95 0.72 0.66 13 4
c94 —0.99 —0.52 0.39 0.64 —0.34 0.22 38 4
j94 —0.08 —0.07 —0.02 0.61 0.66 0.66 37 52
m94 —0.74 —0.92 —0.29 0.72 —0.39 0.34 48 4
094 —0.09 0.10 0.22 0.67 0.77 0.67 24 15
Between —0.68 —0.78 —0.24 0.94 0.35 0.35 189 119

2 Numbers of individuals: ny, sterile; n;, flowering. Statistically significant values (P <0.05) are lightly shaded and highly significant

ones (P<0.01) are heavily shaded.

flower stalk and in the length of inflorescence and
to obtain their asymptotic maximum sizes for
plant i, S; and F,, respectively. The goodness of fit
was assessed by size of the “mean residuum”,
calculated from the residual sum of squares, RSS
as /RSS/m where n is the number of
measurements.

For verification of the model predictions of
tuber size, only ten specimens of D. majalis and
ten specimens of D. fuchsii were used in order to
minimise the damage of the population, as this
measurement is destructive. In these plants, the
maximum leaf area, height of flower stalk and
length of inflorescence were measured at the time
of full bloom and subsequently their dry weights
plus dry weights of the old and new tubers were
determined. Using the relations between leaf areas
and leaf weights and stalk lengths and stalk
weights, the biomass of leaves and flower stalks
were estimated from the biometric data.

For data fitting, the module SOLVER of EX-
CEL 5.0 was used.

3. Results and discussion
3.1. Empirical data

The logistic function yielded a remarkably good
fit. The ‘mean residuum’ was only 5.05% of K; on
average. Therefore, there was no need to use
day-degrees or other values instead of time in
days as the independent variable. For leaves, the

last measurement was excluded from the regres-
sion, as the leaves began to die at their tips at the
end of the season, whereas the inflorescence con-
tinued to grow for another 2 weeks.

The correlation matrix between r;, K, S; and F;
revealed highly significant positive correlations
between the maximum total leaf area, K, maxi-
mum height of flower stalk, S, and maximum
length of inflorescence, F,, both between and
within most sites, but not between r; and other
values (Table 2.).

The differences in plant performance due to
mowing are shown in Fig. 1. On mown sites, the
average total leaf area, K, was small, but the
reproductive effort, measured as S;/K;, was large.
Thus, mowing results in plants investing more in
reproduction.
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Fig. 1. Reproductive effort, measured as the ratio of maximum
length of the flower stalk, S, to the maximum leaf area, K,
against K. Bars indicate standard errors.
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Fig. 2. Proportion of the maximum size reached by individual parts of the plants against time. Site codes (Table 1.) indicated in the
first column, numbers of individuals are the same as in Table 2.

Fig. 2 shows the average proportion of maxi-
mum size reached by individual parts of the plants
at particular instants of the season at each site.
Flowering plants developed their leaves more
quickly than sterile plants. The flower stalks and
inflorescences started to develop after the leaves,
and continued to grow even when the leaves had
already started to wither. The latter observation is
seen in the averages in c94 (Fig. 2), and individual
plants at other sites (not shown). Fig. 2 also
suggests that each of the plant parts increased in
size sigmoidally.

A strong linear relationship was obtained when
measurements of leaf areas of a set of plants one
week were compared with those of the next week
(Table 3). For each plant, we had two numbers:
leaf area in one week and leaf area in the next.

We were interested in how these values were
correlated: will a plant that was large one week
also be large the following week? This question is
not as trivial as it seems to be: early in the season,
the increments in leaf areas are largely dependent
on the size of the storage organ, and therefore the
answer may be NO. Later in the season, the
increments are mainly dependent on the leaf area
itself, as the increment is due to assimilation,
therefore one would expect the correlation coeffi-
cient to be large. This was confirmed by our data.
During the course of the season, the correlation
between leaf areas of plants one week and those
the next week increased, even if the number of
plants measured (the number of degrees of free-
dom) has never decreased, therefore, the correla-
tion becomes more significant in the course of the
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season. This means that late in the season, the
largest plants in the cohort measured one week
were the largest in the same cohort also the next
week, which was not the case, however, early in
the season. The correlation coefficients were al-
most consistently larger for sterile than for flow-
erng plants at the same time and site. At mown
sites, the correlation coefficients were smaller than
at unmown sites, when measured at the same
instant early in the season (Table 3, days 7-8 in
1992, days 10—11 in 1994). One exception, c94,
may be due to an extremely small number of
specimens.

The slopes of the above linear relationships

Table 3

declined with time and approached 1 late in the
season, consistently with the logistic growth.
However, their initial values were large for the
orchids growing in the mown wet meadows (m92,
m94, 094) and in the peat-bog (j94) and small for
those growing in the unmown wet meadows (v92,
c94). There was a large variation and therefore no
clear trend in the intercepts of these relationships.

3.2. The within-season growth model
Components (variables)—functions of time, :

v Vegetative organs (leaves, roots)

Correlation coefficients, p, slopes, ¢ and intercepts, k for the linear relationships between total leaf area in two consecutive
measurements, the first at time ¢, for sterile and flowering plants at different sites®

Site Time Sterile Flowering
t p k q p k q

m92 1 0.34 408 0.63

7 0.87 199 1.95 0.75 230 1.97

14 0.93 —4 1.82 0.93 275 1.61
25 0.99 66 1.11 0.96 —48 1.17
31 0.99 82 1.04 0.98 8 1.06

v92 8 0.96 142 1.22 0.86 867 0.86
13 0.94 —110 1.98 0.96 1049 1.28
24 0.99 —135 1.28 0.96 693 0.91
30 0.99 —19 1.14

c9%4 1 0.48 879 0.75 0.94 262 1.40
11 0.76 804 1.04 0.90 1200 0.98
33 0.92 —169 1.09

794 1 0.98 —54 1.45 0.89 165 1.40
11 0.96 —85 1.63 0.91 678 1.22
18 0.90 389 1.39 0.95 586 1.13
25 0.99 268 1.04 0.97 219 1.07
32 0.97 773 0.97 0.99 282 1.02
42 0.98 636 0.98 0.99 92 1.02

m94 1 0.88 189 1.61 0.83 —339 2.19
10 0.95 222 1.35 0.97 —1962 2.13
24 0.94 94 1.19 0.99 —-20 1.07
40 0.99 65 1.03 0.99 —101 1.08

094 1 0.82 412 1.39 0.81 347 1.46
11 0.92 176 1.39 0.95 —147 1.37
26 0.98 —181 1.29 0.96 428 0.97

2 Mown sites are in boldface, year 1992 is shaded. Numbers of individuals are the same as in Table 2.
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g Generative organs (inflorescence stalk,
inflorescence and seeds)

s Old (parent) tuber-storage organ
New (replacement) tuber-storage organ

Assumptions made about the energy flow be-
tween the components of the model:

Al. Energy supplied by tuber to vegetative
organs is positively correlated with the size of
both components. Here, the simplest (linear) re-
lationships are assumed.

A2. Energy E gained by vegetative organs via
assimilation is an allometric function of their
size: E=av”, where o= 1.

A3. Growth of both the reproductive (g) and
new storage (z) organs is initially exponential.

The activity (both input and output of en-
ergy) of the vegetative organs sigmoidally de-
clines in the course of the season. This is due to
both their senescence and competition with
other plants later in the season. Here e " is
used, where d is a parameter determining the
rate of senescence.

The above assumptions lead to a growth
model of the form:

ds/dt = —bsv s(0) = s,

dv/dt = bsv v(0) = v,(1)
+te- ’{’(av *—R,g—R,z),

dg/dr=e"" Ry, 2(0) =g,

dz/dt=e"" Rz, z(0) = z,,

where a, o, b, d, R, and R. are parameters. As
for mathematical reasons, the initial values g(0)
and z(0) are positive (g and/or z as a solution
of Eq. (1) would be constant and equal to zero
for any positive ¢ otherwise), the model as
stated does not apply prior to the initiation of
generative and replacement storage organs.

3.3. Discussion of model assumptions

Roots are not an independent component, as:
(1) they are likely to reflect the size of the
leaves; and (2) their total biomass is relatively
small (Dixon, 1991). The sub-components of the
reproductive organs are not treated separately,

as (1) they all serve reproduction; and (2) their
sizes are closely correlated even during the sea-
son (Fig. 2). It is unlikely that the number of
components in the model will have to be in-
creased, unless very specific questions are posed,
e.g. if the effect of pollinators were studied and
if the pollination success were low, then the en-
ergy otherwise devoted to seed production
would probably be stored instead.

It is assumed that a large tuber can supply
leaves more energy per unit time and that the
flow of energy from the tuber to the leaves is
restricted by the size of the leaves—small leaves
are not able to use as much energy as large
leaves (Al). It is not clear whether these rela-
tionships are linear, but our results indicate lin-
earity.

Allometric dependence of energy production
on the size of vegetative organs of the form
assumed in (A2) is a common assumption in
most energy partitioning models. Here, a=1
was used, as leaves are flat and therefore assimi-
lation is assumed to depend linearly on Ieaf
area. However, our unpublished simulations in-
dicate that the model output is not sensitive to
changes of .

Energy partitioning models predict a ‘bang-
bang’ strategy, which is first to invest everything
into growth and at an appropriate instant to
suddenly switch to pure reproduction without
further investments into vegetative organs, if the
growth rate of g and/or z is not constrained (or
if the constraint does not have to be taken into
account, as there is not enough energy produced
by the vegetative organs to support the growth
of reproductive or storage organs at this maxi-
mum rate anyway). If the constraint on their
growth rate, here denoted by R, and R., has to
be taken into account, the prediction is (Ko-
zlowski and Ziolko, 1988; Kindlmann and
Dixon, 1989) a simultaneous growth with g and/
or z growing at a maximum speed (i.e. exponen-
tially with the growth rate equal to the
constraint). Therefore, it is reasonable to assume
exponential growth of reproductive (g) and new
storage (z) organs (A3), if the growth of vegeta-
tive (v) and g and/or z is simultaneous. For
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Fig. 3. Model (1) fitted to data from the site m92 (lines) and validated using data from the remaining sites. Parameters fitted:

a=4.01, b=0.205, R.=3.604, R, =3.834, d=5.045, 5, = 20.

those species, where flowering and vegetative
growth do not occur simultaneously, the model
would have to be modified.

The parameters may depend on environmental
conditions like temperature, shading or competi-
tion with neighbouring plants. This is particularly
relevant for those modelling assimilation (a), or
distribution of products of assimilation (R, and
R.). Thus, one can expect a range of ¢ values in a
population, varying from plant to plant. It is
impossible to guess a priori, whether either R, or
R, is dependent on a. Therefore, in the subsequent
section, this question is addressed by comparing
the model’s outputs with empirical data.

Sigmoidal decline in photosynthetic activity and
in the output of energy from the vegetative organs
in the course of a season is quite general, and the
shape of this dependence (driven by the parameter
d) may be species-specific.

3.4. Comparison of model’s predictions with
empirical data

The model was run for a broad range of
parameter values: o equal to 1, 0.75 and 0.67, a
from 1 to 2.5, b from 0.2 to 0.6, s, from 4 to 20.
The aim was to find the typical trends in
behaviour.

The typical prediction for constant parameters
is shown in Fig. 3. Here, the model was fitted to
the data from the site m92. The parameters so
obtained, along with their standard errors, were:

a=4.01+0.01, »=0.205+0.001, R.=3.60+
0.01, R,=3.83+0.02, d=504+0.03, s5,=
19.85+0.04. Subsequently, the model was

validated using data from the other sites. Thus the
lines in this figure represent model predictions
based on the data from m92, while points are data
on leaf and flower stalk weights from the other
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sites. Bearing in mind the geographic distances of
the sites and the fact that the data were measured
in different years, the model fit is very good. The
size of the old tuber sigmoidally declines with the
decline in the later stages close to exponential.
The leaf area sigmoidally increases, followed after
a delay by a sigmoidal increase in the size of the
inflorescence and of the new tuber (see also Fig. 2
for comparison with our empirical data). The
inflorescence and tuber continue to increase in
size and approach an asymptote even after the
leaves have started to wither. This pattern is
supported not only by the data presented here,
but closely imitates that observed in other studies
on energy partitioning in various orchid species
(Whigham, 1984; Dixon, 1991; Leeson et al.,
1991).

Fig. 4. shows the model’s predictions of the
this-to-next measurement in leaf area, when a is
constant and s, varies. The dependence is consis-
tently approximately linear, surprisingly even if «
is different from 1, i.e. if assimilation is non-lin-
early dependent on leaf area. When the model is
run for different values of initial tuber size, the
correlation between this and next leaf area is weak
early in the season. This is because the increment
in leaf area initially depends more on what is
supplied from the tuber than on the leaf area
itself. Our data (Table 3) show a conspicuous
increase in correlation coefficients in the course of
the season, which confirms this prediction.

Low correlation coefficients early in the season
imply a low influence of the tuber at this time, i.e.

T

= 80

£ + R
g 60 + 1o 15-30]
= 0 | i
2 0 4 o, [ x30-45|
P X o |0 45-60|
g X + | i
¢ 20 cog, © | +60-75|
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Fig. 4. Relation between two consecutive measurements of leaf
area, as predicted by model (1). Parameters as in Fig. 1, but s,
varies from 8 to 16. Dates of measurements indicated in the
inset.

it is small. This is also indirectly supported by our
data in Table 3, as one would expect sterile plants
to have small tuber, as they are likely to be
juvenile, and small average tuber size in unmown
sites, where the conditions are less favourable
than at mown sites. Thus, the correlation coeffi-
cient between two consecutive measurements of
leaf areas of a set of plants might be a good
indirect estimator of the average tuber sizes, when
different sites are being compared.

The slope of the dependence declines as the
season proceeds, because of the decline in the
assimilation rate, a, both in Fig. 4 (theoretical
prediction) and in Table 3 (empirical data). The
maximum slope, by definition, correlates with the
maximum value of & in the model. The empirical
data (Table 3) indicate that the slope is small in
unmown meadows, which can be explained by
lower photosynthetic activity (lower a) due to the
presence of last year’s dry biomass. At site c94,
there is an additional component: shading by
surrounding trees (Table 1).

3.5. Predictions of new tuber size

Parameters obtained in Section 3.4 were subse-
quently used to predict sizes of new tubers. As
explained in Section 2, for direct testing of the
model predictions about tuber sizes only data
about final sizes of the new tubers and leaf areas
for the two sets of ten individuals of experimental
plants of D. majalis and of ten individuals of D.
fuchsii were available. It was assumed that the
differences between plants were mainly due to
microhabitat differences in climate, which affect
above all the assimilation and energy transloca-
tion parameters a, b, R, and R,. Therefore, these
parameters were varied, each at the same rate, i.e.
each of them was multiplied by a number k,
which was chosen from the interval 0—1.2 with
step 0.05 (its larger values gave predictions out-
side the observed range of leaf arcas and tuber
sizes). The line in Fig. 5 is the model prediction
for different values of k taken from this interval,
points are empirical data from the experimental
plants of D. majalis and of D. fuchsii. Suprisingly,
even the data on the closely related D. fuchsii also
closely fit the prediction. This result may serve as
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Fig. 5. Relation between leaf area and new tuber weight at the
time of full bloom, as predicted by the simulation model (1)
line, compared with empirical data on D. majalis (triangles)
and D. fuchsii (squares).

an independent verification of the model and indi-
cate its applicability to other closely related spe-
cies. One outlier in D. fuchsii was a damaged
plant.

4. Conclusions

The results presented here confirm that the
model could be used in combination with non-de-
structive measurements of leaf area and inflores-
cence to estimate the size of the old and new
tubers, and the photosynthetic activity of the
plants. The tuber size can be measured only by
using destructive methods.

The correlation coefficient and the slope of the
relation between two consecutive measurements
of leaf area early in the season are also good
candidates as estimators of the average tuber size
and of the maximum size of the plants, when
different sites are being compared. Before their
general acceptance, however, these relationships
need to be tested using empirical data that include
measurements of tuber size and of photosynthetic
activity.
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