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Abstract

In a floodplain forest on the Elbe river, the effects of elevation—considered as a surrogate for drought stress—and light
availability on the mortality of germinants of pendunculate oak (Quercus robur), common linden (Zilia cordata), and red ash
(Fraxinus pennsylvanica) were examined during the first growing season. For pendunculate oak, elevation and light availability
interacted, resulting in mortality rates on higher elevated sites depending upon light availability; on lower elevated sites
mortality was rather independent of light, probably because better access to water resources compensated for decreased light
availability. By contrast, the mortality patterns of common linden and red ash highly depended upon light availability on all sites.
These species-specific mortality patterns are explained by different capabilities to access water resources due to different root-
to-leaf biomass ratios being at least four times higher for pendunculate oak as compared with the other species. This life history
trait allows pendunculate oak germinants to better access the water resources than common linden or red ash.

Light availability for germinants on these nutrient-rich floodplain sites is strongly reduced by competing ground vegetation.
For forest management it is not recommended to create gaps for promoting natural regeneration on these sites until the end of the
first growing season, in order not to enhance competition by pre-established ground vegetation.
© 2002 Published by Elsevier Science B.V.
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1. Introduction within a regeneration. The early phase of establishment

of germinants is the most sensitive phase of regenera-

Mortality of tree germinants is an important process
affecting natural regeneration of forests. Mortality rates
may influence the density of the seedling pool in forests
(Streng et al., 1989). Since seedling sensitivity to harsh
environmental conditions or to microhabitat structures
which cause mortality can be species-specific (Collins,
1990; Jones et al., 1994; George and Bazzaz, 1999),
mortality patterns may also alter species composition

“Tel.: +49-35203-381300; fax: +49-35203-381397.
E-mail address: wagner@forst.tu-dresden.de (R. Kiiner).

tion, with mortality rates generally being highest (Col-
lins, 1990; Jones et al., 1994). Therefore, investigations
on species-specific mortality patterns can contribute to
identifying relevant environmental factors which affect
survival of germinants or seedlings and, by this, can
alter density, tree species composition or age structure
of the regeneration. These environmental factors, in the
long run, can influence spatial or age structure of
forests on community level (Collins, 1990) or—as
large-scaled disturbances—on landscape level (Adams
and Anderson, 1980; Sakio, 1997).
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In floodplain forests of the humid regions, flooding
and light are considered to be the most important
environmental variables for seedling establishment
(Siebel, 1998). Floods can provide new habitats like
gravel bars or sand on riverbanks for succession (van
Splunder et al., 1995; Cordes et al., 1997) or may
change the geomorphic conditions, such as elevation
of sites or organic content of soils, and, by this, can
modify tree species composition (Fonda, 1974; Naka-
mura et al., 1997). Large-scale disturbances like flood-
ing can alter the age distribution of a riparian forest
(Duncan, 1993; Sakai et al., 1999) or may alter
succession on landscape level (Yin, 1998). Summer
floods may lower the probability of seedling establish-
ment to a greater extent than spring floods because of
the reduced flood tolerance, especially of species from
hardwood floodplain forests, during the growing sea-
son (Siebel, 1998). On the other hand, summer floods
may reduce competition by flood-intolerant tall herbs
and, by this, may promote seedling establishment
(Siebel and Bouwma, 1998). Floods, in general,
may limit seedlings of flood-sensitive species to
higher elevated sites (Streng et al., 1989). Seedlings
may respond species-specifically to light gradients in
floodplain forests as regards to their mortality or
growth. Hall and Harcombe (1998) carrying out
long-term investigations on abundance of saplings
in a Texas floodplain forest point out that both factors,
flooding and light, may interact; this interaction may
allow light demanding but flood tolerant species to
survive under lower light conditions owing to compe-
titive advantages against shade-tolerant but flood-
intolerant species.

In addition to flooding or light, occasional water
deficiency during the growing season may influence
seedling mortality (Jones and Sharitz, 1998; Streng
et al., 1989) or may cause vegetation differences
(Hawk and Zobel, 1974).

The objectives of this study were: (i) to monitor
mortality rates of germinants of three different tree
species (Quercus robur, Tilia cordata, and the intro-
duced tree species Fraxinus pennsylvanica) present
in a floodplain forest on the Elbe river, Germanys; (ii)
to detect abiotic environmental factors relevant for
mortality patterns within the first growing season.
On this basis, autecological characteristics of these
tree species shall be described and conclusions be
drawn with respect to adequate silvicultural methods

for natural regeneration of floodplain hardwood
forests.

2. Material and methods

The investigations were carried out in a periodi-
cally flooded hardwood forest which is located on the
Elbe river in the vicinity of Dessau in Germany
(5751530, 307415 Gauss—Kriiger co-ordinates).
Mean annual temperature in the natural area of the
Elbe-Elster-Lowlands is 8.7 °C. Flooding occurs per-
iodically in March—April (Institute of Hydrology,
2000). The forest stand is composed of six different
tree species, with common linden, pendunculate oak,
and red ash prevailing with 60, 30 and 5%, respec-
tively, of the growing stock. Vegetation constituted by
herbs (e.g. Aegopodium podagraria, Urtica dioica)
and sedges (e.g. Carex brizoides) was already estab-
lished when the investigations started; this under-
storey vegetation covered almost the whole ground.
The nutrient-rich gleyic soil type is made up of
alluvial loams.

In December 1998, four small-scale gaps within the
stand were artificially created. Two of them were
located on high-elevation sites, whereas the two other
gaps were located on low-elevation sites. Within each
gap 12 plots of 1 m? size were systematically estab-
lished for characterization of ground vegetation and
for monitoring tree regeneration. The ground vegeta-
tion was described in terms of the degree of area it
covered and mean height for each species. Within one
of both, a higher and a lower elevated gap, four
additional plots were established. Within these plots
(n = 8) the ground vegetation was manually removed
during the whole growing season to allow tree regen-
eration free growth without competition (‘“‘free-to-
grow plots”’). To expand the range of environmental
conditions in terms of light availability, eight addi-
tional plots were established beneath the canopy of the
stand. Altogether, 64 plots differing in elevation and
light availability were considered for monitoring ger-
minants and seedlings. In this study, the term “ger-
minant” is used for trees from germination until the
beginning of the second growing season, after that
being named “‘seedling”.

Within the 64 plots, germinants of the three inves-
tigated tree species were individually tagged in June of
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1999. Only vital germinants were selected which
should represent the whole range of light conditions
and elevation (height above sea level (a.s.l.), m) with
n = 186 for pendunculate oak, n = 233 for common
linden and n =193 for red ash. Germinants were
censused in September 1999 (first observation period
from June to September 1999), May 2000 (end of
second observation period) and—as seedlings—in
September 2000 (end of third observation period).

It was assumed that within the first 2 years after
germination, intraspecific competition within the
regeneration is not important for mortality patterns
of the seedlings. Since light availability is considered
to be one of the most important abiotic factors for
seedling performance (Finzi and Canham, 2000), light
resource availability was measured in July 1999 using
a LiCor LAI-2000 on a single plot basis. Readings for
determining the degree of available diffuse radiation
(difn) were taken at two different heights above the
plots: one measurement was made at a height of 1.8 m
above soil surface to exclude the influence of ground
vegetation on light availability, and the other one at
0.1 m within the ground vegetation. At each height
two readings of difn were taken. Measurements within
the forest were then related to simultaneous measure-
ments in the open field (full light = 1) and, finally,
both readings at each height were averaged to obtain a
mean difn value.

Water availability could not be measured on a single
plot basis. Since Richards et al. (1996) found that in
floodplain forests relationships between elevation and
water availability exist, the height a.s.l. (m) of each
single plot was determined as a surrogate for water
availability. To reveal relations not only between
elevation and water availability but also between soil
depth and water availability, soil water tension was
permanently measured within two plots in 1999. One
of the plots was located in a higher elevated gap
(58.0 m a.s.l.), and the other one in a lower elevated
gap (57.3 m a.s.l.). At each plot, two tensiometers
(UMS, T6) were set up at different soil depths (0.1 and
0.3 m). During summer of 1999, soil water tension
exceeded the device measuring range. Therefore,
only tentative comparisons of soil water status
between the different elevations and soil depths could
be made.

Vitality of the ground vegetation was characterized
by summing up the product of degree of vegetation

cover of each single species within a plot multiplied by
the mean height (m) of that species. The relationship
between available light (difn) at 1.8 m height and the
vitality of the ground vegetation (dependent variable y)
was quantified by a Michaelis—Menten regression, as
follows (Eq. (1)):

P]X

y=P—1/P2+x 1

with x: difn at 1.8 m height, P; and P, model para-
meters to be estimated.

In July 1999 germinants of pendunculate oak
(n=61), common linden (rn=60) and red ash
(n = 59) were harvested outside the plots to determine
biomass parameters. The germinants were dug out and
kept cool in ice; in the lab the germinants were dried
(24 h, 105 °C) and, afterwards, the dry weights of
roots and leaves were measured. By executing a rank
analysis of variance (Bortz et al., 1990), root-to-leaf
biomass ratios of the three tree species proved to differ
significantly (P < 0.05). In consequence, pairwise
comparisons for all combinations of the three tree
species were made using the Mann-Whitney U test
(Bortz et al., 1990) where Hy (P < 0.05) refers to the
hypothesis that there are no differences between the
mean rank of two of the three tree species concerning
the root-to-leaf biomass ratio.

Mortality within the first growing season was ana-
lysed by logistic regression which estimates the prob-
ability p of an event occurring. The dependent variable
y is dichotomous taking the value 1 for dead germi-
nants with probability 6 and the value O for live
germinants with probability 1 — 6. For more than
one independent variable the logistic regression model
can be written as (Eq. (2), SPSS, 1990):

1
T l+4e

p 2)
where z is the linear combination z = by + byx; +
byxy 4+ byx1x, with x; corresponding to height a.s.l.
(m) and x, to difn. Predictor variables were selected by
forward stepwise selection. Accuracy of regression
models was diagnosed by: (i) indicators of model
goodness (e.g. model significance); (ii) evaluating
the proportion of correct predictions of the observa-
tions made by the model. Tests for all logistic regres-
sions showed that the normalized residuals did not
deviate from normal distribution. Finally, it has to be
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discussed whether the models are biologically plau-
sible.

3. Results
3.1. Environmental factors

In 1999, precipitation amounted to 537 mm, com-
pared to a long-term mean of 550 mm. Within the
growing season (May—September), the precipitation
was 269 mm in 1999, corresponding to the long-term
mean of 276 mm (Institute of Hydrology, 2000). The
plots’ elevations ranged from 57.2 to 58.1 m height
a.s.l. Measurements of soil water tension could be
performed from April 20 to July 29 (Fig. 1). In July
1999 the soil water tension rose distinctly. Variation of
soil water tension values was greater at 0.1 m depth
than at 0.3 m depth. Furthermore, water supply was
higher at lower elevation.

Monthly precipitation in July, August and Septem-
ber 1999 was 56, 56 and 43 mm, respectively (Institute
of Hydrology, 2000). With the precipitation remaining
constant over time and the demand of the vegetation
for water resources rising, the soil water tension was
probably drastically increasing during August and

September as compared to July, by this exceeding
the measuring range of the devices. It is concluded that
water availability in August and September was low-
est in the top soil level, and in higher elevated sites.

In 1999, the winter flood was totally drawn back
from the plots around April 6. In 2000, the flood
reached the experimental plots on March 14 with
the maximum water level (57.7 m a.s.l.) on March
16. So, not all plots were submerged during the flood
event. The flood dropped slowly from March 16 and
vanished on April 7. As of that day until April 14 only
stagnant water was found within some lower elevated
plots where water discharge was impossible due to the
microtopography around the plots.

3.2. Light—ground vegetation relations

Both the canopy of the mature stand as well as the
ground vegetation cause light extinction and, there-
fore, decrease the degree of available light. The degree
of available diffuse light at a height of 1.8 m above
ground level averaged 0.14 (standard deviation (sd):
40.06, maximum: 0.26, n =56 plots). Relations
between difn at 1.8 m height and the vitality of the
ground vegetation could be detected, although the
coefficient of determination was low (Table 1) due
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Fig. 1. Course of soil water tension (hPa) in 1999 in dependence upon height a.s.l. (m) and upon soil depth (m).

Table 1

Relation between the degree of available light at 1.8 m height (difn) and the vitality variable® y of ground vegetation

Parameter Estimate Asymptotic Asymptotic confidence
standard error interval (95%); lower—upper

P, 0.93 0.12 0.69-1.18

P, 22.04 8.98 3.97-40.12

* Vitality variable y: degree of vegetation cover x height (m) on single species basis, y = (P x difn)/(P; /P, + difn); 72 = 0.22; n = 48.
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Fig. 2. Relation between vitality of ground vegetation, expressed
as the summed-up product of degree of vegetation cover and the
mean height of ground vegetation on species basis, and the degree
of available light (difn) at 1.8 m height. Regression model from
Table 1.

to high variation of observed data. The maximum
value for the vitality variable reached 1.44 indicating
that the whole surface of the plots was covered with
ground vegetation (degree = 1) with a mean height of
the single species of 1.44 m. The residuals of the
regression showed no trend for heteroscedasticity.

As is evident from Fig. 2, the vitality of the ground
vegetation stays almost constant at light levels >0.1,
apparently only decreasing when difn drops below 0.1.
Effects of ground vegetation on light availability can
be seen from the degree of available diffuse light (difn)
at a height of 0.1 m: within the ground vegetation difn
averaged 0.03 (sd: £0.02, maximum: 0.09, n = 56
plots). When ground vegetation was manually
removed mean difn values amounted to 0.12 (sd:
40.04, maximum: 0.16, n = 8 plots).

3.3. Root-to-leaf biomass ratio of germinants

The root dry weight of pendunculate oak germi-
nants reached a mean value of 364 mg and differed
distinctly from the mean values of common linden
(12 mg) and red ash (8 mg, Table 2). Pendunculate oak
germinants possessed root weights which exceeded
leaf weights by a factor of 2.8. The root-to-leaf
biomass ratio of pendunculate oak was four times
higher than that of common linden and more than

Table 2
Root dry weight (mg) and root-to-leaf biomass ratio for
pendunculate oak, common linden and red ash germinants

Roots Root-to-leaf n

(mg) + sd biomass ratio® & sd
Pendunculate oak 364 £+ 225 2.8 a+20 61
Common linden 12+ 8 0.7b£0.3 60
Red ash 8+4 05¢+03 59

“ Different letters indicate significant differences (Mann-Whitney
U test, P < 0.05).

five times as high as red ash, with the differences
between all tree species being significant.

3.4. Mortality patterns of seedlings in a floodplain
forest

3.4.1. Mortality during the entire observation period

At the end of the entire observation period, cumu-
lative mortality rates showed pronounced differences
between pendunculate oak germinants on one hand
(55%) and common linden (76%) and red ash (72%)
on the other (Fig. 3). The first period of observation
(June—September 1999) proved to be most decisive in
terms of seedling mortality with red ash (63% mor-
tality) and common linden (59% mortality) being the
most sensitive species followed by pendunculate oak
(34% mortality).
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Fig. 3. Cumulative mortality rates for pendunculate oak, common
linden and red ash during the period from June 1999 to September
2000 derived from four census dates (sample size in June 1999:
n =186 for pendunculate oak, n =233 for common linden,
n = 193 for red ash).
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Table 3

Logistic regression model for mortality of pendunculate oak
germinants (n = 186) during the first observation period (June—
September 1999)*

Variables Parameter Standard df Sign
estimate error

Constant —240.6 87.7 1 0.006

x® 4.19 1.52 1 0.006

x° 2638.2 1328.2 1 0.047

X1X2 —46.2 23.1 1 0.046

4 —2LL: 201.3, model chi-square: 38.2, It 0.19, model df: 3,
model significance: P < 0.001. The degrees of freedom (df) for the
model chi-square are the difference between the df for the two
models (models including all terms and including the constant only,
respectively) being compared.

> xp height a.s.l. (m).

€ x,: difn.

3.5. Pendunculate oak mortality

During June—September 1999 height a.s.1., difn and
their interaction (x,x,) significantly affected the sur-
vival of pendunculate oak germinants (Table 3). Mor-
tality probability was highest when pendunculate oaks
germinate on upper elevated sites and suffer from
competition for light (Fig. 4). On these sites, survival
of seedlings is improved when light availability
increases. For instance, given an elevation of 58 m
a.s.l., the critical value (mortality probability p = 0.5)
for germinant survival is achieved when light avail-

ability at 0.1 m drops to <0.06. In contrast to that, on
lower elevated sites the increase in mortality with
decreasing light availability is far less pronounced.
This is due to the interaction of the two variables
height a.s.l. and difn, indicating that pendunculate oak
germinants on lower elevated sites could stand com-
petition for light better than did germinants on higher
elevated sites. The mortality probability for germi-
nants growing at an elevation of 57.2 m a.s.l. with no
light available is as low as 0.28.

For assessing the goodness of fit of the model, some
indicators are included in Table 3. The —2 log like-
lihood (—2LL) is about 200, the coefficient of deter-
mination is 0.19. The model chi-square tests the null
hypothesis that the coefficients for all the terms in the
current model, except for the constant, are 0 (SPSS,
1990). For pendunculate oak mortality, the model
including the constant and the three variable terms
is significantly different from a constant-only model.
71% of the observations on mortality or survival of
germinants are correctly predicted indicating a suffi-
cient accuracy of the model.

During the period from September 1999 to May
2000 only a small proportion of pendunculate oaks
died (23 out of 122). The mortality data showed no
relationship to any of the two environmental factors
(height a.s.l., difn) or to the interaction of either two.
From the middle of March to the beginning of April
2000, just before sprouting, the forest was flooded.

mortality

difn

elevation

Fig. 4. Modelled mortality probabilities for pendunculate oak germinants in dependence upon elevation (m) and upon difn. Arrows indicate
increasing elevation and increasing difn, respectively, with the range of scale corresponding to the measured data.
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Table 4

Logistic regression model® for mortality of common linden
germinants (n = 233) during the first observation period (June—
September 1999)"

Variables Parameter Standard df Sign
estimate error

Constant 2.074 0.288 1 <0.001

X1X2 —0.53 0.076 1 <0.001

# Refer to Table 3 for more explanations.
® —2LL: 247.1, model chi-square: 67.9, r*: 0.25, model df: 1,
model significance: P < 0.001.

The seedlings seemed not to be affected by this, since
mortality in summer of 2000 (May—September) was
very low (16 out of 99 oaks died), also indicating that
either the environmental conditions were favourable
for seedling survival or that the seedling vigour was
high enough to withstand any potential harsh condi-
tions.

3.5.1. Common linden mortality

Mortality of common linden germinants during the
first observation period was high (59%). The signifi-
cant interaction term (x;x,) from logistic regression
analysis (Table 4) indicates that both environmental
variables, height a.s.l. and difn, influenced mortality.
But, as is apparent from the model presented in Fig. 5,
the decisive factor for mortality is the degree of
available light (difn), since this factor contributes
primarily to the mortality patterns. Given an elevation

of 58 m a.s.1., the critical value (mortality probability
p = 0.5) for the survival of common linden germi-
nants is achieved when light availability at 0.1 m
height drops to <0.07. This critical value is virtually
independent of height a.s.l.

The model predicts 77% of the observations cor-
rectly. The overall goodness of fit of the model, when
—2LL (247.1) and the proportion of correct hits is
regarded as a synopsis, is sufficient.

During September 1999 and May 2000, 30% of the
remaining common linden germinants died, with the
tendency of mortality probabilities to be highest on
the lower elevated sites: 20 of 40 germinants growing
on plots with elevations below the highest elevation of
the flood in April 2000 (<57.7 m a.s.l.) died, whereas
47 out of 55 germinants growing on sites with an
elevation >57.7 m a.s.l. survived. Most of the 1999
germinants still alive in May 2000 survived the second
growing season (57 out of 67 seedlings).

3.5.2. Red ash mortality

The highest mortality rates during the summer of
1999 were recorded for red ash (63%). Logistic
regression explained 39% of the variance of mortality
patterns with the interaction term x,x;, of height a.s.l.
and difn being significant (Table 5).

The model from Table 5 being presented in Fig. 6
makes clear that, again, the degree of available difn
limited survival of red ash germinants during summer
of 1999 more than height a.s.l. does. The critical light

mortality

elevation

>

difn

Fig. 5. Modelled mortality probabilities for common linden germinants in dependence upon height a.s.l. (m) and upon difn. Arrows indicate
increasing elevation and increasing difn, respectively, with the range of scale corresponding to the measured data.
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mortality

elevation

b

difn

Fig. 6. Modelled mortality probabilities for red ash germinants in dependence upon height a.s.l. (m) and upon difn. Arrows indicate increasing
elevation and increasing difn, respectively, with the range of scale corresponding to the measured data.

Table 5
Logistic regression model® for mortality of red ash germinants
(n=193) during the first observation period (June-September
1999)°

Variables Parameter Standard df Sign
estimate error

Constant 2.877 0.372 1 <0.001

XX —0.648 0.087 1 <0.001

4 Refer to Table 3 for more explanations.
> _2LL: 159.0, model chi-square: 96.0, r*: 0.39, model df: 1,
model significance: P < 0.001.

level (difn at 0.1 m height) for a mortality probability
p of germinants of 0.5—assuming an elevation of
58.0 m a.s..—is 0.08.

The regression model is significant (Table 5), with
—2LL being the lowest of the three species-specific
models. Most of the observations are predicted cor-
rectly by the model (83%).

During the second observation period (September
1999-May 2000), every fifth germinant (21%) died.
Almost all seedlings (96%) survived the second grow-
ing season (May—September 2000).

4. Discussion
The climatic conditions of 1999, when the mortality

of germinants of the three considered tree species was
analysed, corresponded to the long-term average.

Under these normal conditions two of the three species
(common linden, red ash) showed high initial mortal-
ity rates, whereas pendunculate oak germinants to a
major degree survived the first growing season. Two
environmental factors were related to mortality rates
of the three species within the first growing season:
height a.s.l., which served as a surrogate for water
availability, and the degree of available diffuse light
(difn) at 0.1 m height. While difn could be measured
on a single plot basis, it was not possible to completely
relate site characteristics (elevation, soil depth of the
tensiometer location) to water availability. This was
due to a restricted measuring range of the devices. But,
from the measurements taken some general tendencies
could be shown for site-water availability relations.
Higher elevated sites showed lower water availability
than lower elevated sites. Water availability is again
lower on a short-term basis at the top level soil as
compared to deeper soil due to higher variation of
water tension values. These findings are confirmed by
data reported by Richards et al. (1996), showing that
soil water status of sites on the Isére river (France) in
summer decreased with increasing elevation; also,
recorded data showed increasing water availability
with greater soil depth.

Ground vegetation responded to a decrease of avail-
able light at 1.8 m height by a reduction of the vitality
parameter used in this study. Siebel and Bouwma
(1998) found that the probability of the occurrence
of herbs in a floodplain along the Rhine was related to
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the degree of light transmitted through the canopy. Tall
herb species, like U. dioica, also present in the flood-
plain forest studied here, were only absent (probability
of occurrence <0.5) when the degree of transmitted
light was less than approximately 4%. It has to be
considered that the variation of the vitality parameter
was high; this may, among others, reflect the differing
composition of ground vegetation: with sedges pre-
vailing within a plot, the vitality parameter will be
lower by way of calculation due to lower mean height
of sedges as compared to tall herbs.

As found in other forests (Streng et al., 1989;
Collins, 1990; Jones et al., 1994), mortality was high-
est during the first growing season. The mortality
pattern of pendunculate oak germinants found in this
study presented a complex species-specific response
to environmental factors. Pendunculate oak germi-
nants showed only a slight dependence of mortality
rates upon light availability at lower elevated sites
during the first growing season. This was explained by
high root-to-leaf biomass ratios which enabled oak
germinants to better access the water resources as
compared to common linden and red ash. Light avail-
ability seemed to be of minor importance under these
environmental conditions. On higher elevated sites,
water availability in summer time of 1999 was gen-
erally lower. Here, with the possibility of compensat-
ing for low light levels with high water availability
being distinctly less, even pendunculate oak germi-
nants were suffering from water deficiency resulting in
mortality rates mainly dependent upon light availabil-
ity. During investigations in a floodplain forest in
eastern Texas, Streng et al. (1989) found that water
oak (Quercus nigra) germinants better survived
drought stress than other tree species; they assumed
that these differences among species may have been
caused by the significantly longer roots of water oak as
compared to other species. The relatively high shade
tolerance of Quercus rubra germinants was demon-
strated in investigations on survivorship on terrestrial
sites (George and Bazzaz, 1999). Survivorship of Q.
rubra within the first growing season was even dis-
tinctly higher (~80%) as compared to the survivorship
of Q. robur in this study presumably because of
generally better water availability during the growing
season.

Hall and Harcombe (1998) analysed mean abun-
dance of saplings in a Texas floodplain forest over 10

years; they found evidence that flooding and shade
tolerance interacted species-specifically, leading to the
persistence of some flood tolerant species under lower
light conditions than expected. Likewise, it was found
in the study presented here, that pendunculate oak
germinants can stand extremely low light levels if a
sufficient water resource availability during the grow-
ing season was provided.

The level of common linden germinants’ mortality
in summer 1999 was high when compared to that of
pendunculate oak. The mortality rate was negatively
correlated to the degree of available light. No distinct
influence of height a.s.l. on mortality was detected,
although this variable was statistically significant. The
high mortality rate being virtually independent of
elevation may be explained by insufficient access of
common linden germinants to water resources due to
an unfavourable root-to-leaf biomass ratio. Despite
height a.s.1. not being important for germinant survival
during the first growing season, this factor seemed to
influence mortality during the second observation
period (September 1999-May 2000), since most of
the germinants within lower elevated plots died. Rea-
sons for that could not be revealed. It remains unclear
whether water that stayed within lower elevated plots
after flooding in March/April 2000 had affected ger-
minants vitality and, thus enhanced mortality (damp-
ing-off effect).

Red ash germinants responded almost in the same
way to the environmental conditions in 1999 as did
common linden germinants. Again, it is assumed that
the limited access to water resources due to low root-
to-leaf biomass ratios made germinants sensitive to
decreased light availability. Similar results concerning
the light dependence of mortality patterns were found
for Fraxinus americana germinants on terrestrial sites
(George and Bazzaz, 1999).

The goodness of fit of the regression models has to
be interpreted with the help of a synopsis of several
statistic criteria. All models were highly significant.
Regarding —2LL and the coefficient of determination,
the mortality patterns of red ash germinants could be
modelled best, followed by common linden germi-
nants and pendunculate oak germinants. Anyhow,
coefficients of determination were lower than 0.4,
which might indicate that other factors like pathogens
or herbivores (mice, snails) affected germinant survi-
val. However, the proportion of correct predictions
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made by the models was fairly good. Moreover, in
addition to the discussion about statistic criteria
assessment is needed on whether the models are
biologically plausible. To evaluate the models as
regards biological plausibility the following two
aspects shall be examined: (1) How can species-spe-
cific responses to environmental factors be biologi-
cally explained? (2) Is the use of a multiplicative
model for the interaction of environmental factors
supported by ecological theory?

Life history traits like shade tolerance or seed size
have been used as explanations for mortality patterns
in a lot of studies. In some studies the survival of
species was explained by seed size, e.g. with oak
germinants showing high survival rates as compared
to species with small-seed size (George and Bazzaz,
1999), whereas others did not find significant correla-
tions (Streng et al., 1989; Jones et al., 1994). In this
study, seed size may explain high root-to-leaf biomass
ratio of pendunculate oak and, thus, have contributed
to a higher survivorship in general as compared to
small-seeded common linden or red ash. Studies of
tree seedling recruitment in an Appalachian forest
(Beckage et al., 2000) indicate that large-seeded Q.
rubra germinants survived the first year equally, in
small-scale gaps as well as beneath a closed canopy.
Contrary to this, survival patterns of small-seeded
Acer rubrum germinants reflected environmental light
conditions in the first year. The authors explain the
species-specific response by high first year energy
reserves for Q. rubra germinants allowing them to
survive even under low light conditions. Seedling
densities of older Q. rubra, with the energy reserves
being already depleted (Long and Jones, 1996), how-
ever, reflected more strongly the environmental light
conditions, with mortality beneath the canopy being
higher as compared to gaps.

Streng et al. (1989) observed that mortality rates
of three species (Liquidambar styraciflua, Carpinus
caroliniana, A. rubrum) in a Texas floodplain forest
deduced from weekly censuses of germinants were
positively correlated to leaf water potential used as an
indicator of drought stress. As mentioned above, in
contrast to this, the survival of water oak (Quercus
nigra) germinants in their investigations were almost
unaffected by drought stress, with the authors explain-
ing this phenomenon by better water access of water
oaks due to longer roots.

In the long-term study of abundance of saplings in a
floodplain forest in Texas (Hall and Harcombe, 1998),
it was found that sapling distribution responded pri-
marily to flooding and light. It was shown that life
history traits like flood and shade tolerance interacted
as regards species distribution.

These findings support our hypothesis that the root-
to-leaf biomass ratio—which, in turn, may be attrib-
uted to seed size—is an important life history trait
explaining the species-specific responses to environ-
mental factors.

The multiplicative approach of testing the influ-
ence of elevation (as a surrogate for water availabil-
ity) and available light revealed that pendunculate
oak germinants responded independent upon light
availability in terms of mortality. With the water
stress getting worse even for pendunculate oak on
higher elevated sites, the mortality patterns of pen-
dunculate oak germinants were highly dependent
upon light availability. If these findings are referred
to Tilman’s (1982) resource competition theory, the
results can be interpreted as follows: if water resource
availability remains under a certain level (e.g. on
medium to higher elevated sites), light and water
are substitutable resources, i.e. that under these site
conditions one resource can be substituted for the
other to maintain a certain level of survival. Since
even on the higher elevated sites water availability
was restricted but not absolutely absent during the
whole observation period, conclusions with respect to
the question whether or to what extent water is an
essential resource cannot be drawn. Similar results
concerning the multiplicative interaction of environ-
mental factors were found by Reed et al. (1983); they
postulate that Douglas-fir seedlings compensated for
decreased nitrogen availability with high light levels.
Compared with the findings related to higher elevated
sites, light is not a limiting resource anymore, when
water availability exceeds a certain level (e.g. on
lower elevated sites). On the contrary, the mortality
patterns of common linden and red ash were almost
exclusively dependent upon light availability due to
generally limited water access; i.e. that generally
limited water access prevented the possibility of
testing the influence of water availability on mortality
patterns on a broad-scaled gradient. Generally limited
water access for these two species was explained by
low root-to-leaf biomass ratios.
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For practical considerations of forest management it
is worthwhile having an idea of potential regeneration
niches (Grubb, 1977). Regeneration niches as regards
light availability of the three investigated tree species
can be defined by an upper threshold which is deduced
from the competitors’ light response, and from a lower
threshold which corresponds to the critical value of
minimum light availability needed for germinant sur-
vival. The vitality of competing ground vegetation is
clearly reduced, once the degree of available light
drops below 0.1. The minimum threshold of the
regeneration niche—except for pendunculate oak ger-
minants on lower elevated sites—was 0.06 for oaks on
higher elevated sites, 0.07 for common linden, and
0.08 for red ash, on all sites.

Normally, such low light conditions for potential
regeneration of these tree species with competing
vegetation being suppressed, can only be found if
species with highly shading crowns like common
linden or Ulmus minor are present in the canopy.
Siebel and Bouwma (1998), who conducted investiga-
tions in a floodplain forest along the Rhine river, state
that woody juveniles were mostly found below a 5%
light transmission. The difference in assessing regen-
eration niches concerning light availability for woody
seedlings to the study presented here might be
explained by a different flood regime, with summer
floods occurring in the Rhine riparian zone. Resulting
from summer floods, lower water stress may occur in
the floodplain forests along the Rhine river which, in
turn, might result in either higher shade tolerance of
seedlings due to better water resource availability; or,
secondly, summer floods might cause higher light
availability for woody regeneration after the flooding
due to physical damage to herbs during floods.

The potential regeneration niches for successful
survival of germinants of these tree species cannot
be provided by creating gaps right after seedfall; this
would strengthen competition for light between the
germinants and the pre-established ground vegetation.
For forest management of hardwood floodplain forests
on these sites with drought stress occurring during
summer, it is therefore recommended to create gaps at
the end of the first growing season at the earliest. Such
a procedure would take into account the increasing
light requirement of seedlings with time (Siebel,
1998), and has the advantage that the survival of
germinants can be judged at the end of the first

growing season. Only if high survival rates after the
first growing season occurred, gap creation would be
sensible with the intention that the older juveniles—
generally showing higher survival rates (Streng et al.,
1989)—may better withstand the increasing competi-
tion by ground vegetation after gap creation.
Microenvironmental factors like soil moisture or
light availability exert a species-specific influence on
mortality patterns of germinants and, thereby, deter-
mine spatial distribution of the seedling bank. By this,
the seedling bank of this floodplain forest is formed
right at the very beginning of a process which, in the
long run, may replace the canopy of the old-growth.

Acknowledgements

This research work was supported by German
government research grants (0339593/0). Thanks
are given to Mr. Brian Tobin, University College
Dublin, for significantly improving the English of this

paper.

References

Adams, D.E., Anderson, R.C., 1980. Species response to a moisture
gradient in central Illinois forests. Am. J. Bot. 67, 381-392.

Beckage, B., Clark, J.S., Clinton, B.D., Haines, B.L., 2000. A long-
term study of tree seedling recruitment in southern Appalachian
forests: the effects of canopy gaps and shrub understories. Can.
J. For. Res. 30, 1617-1631.

Bortz, J., Lienert, G.A., Boehnke, K., 1990. Verteilungsfreie
Methoden in der Biostatistik. Springer, Berlin.

Collins, S.L., 1990. Habitat relationships and survivorship of tree
seedlings in hemlock-hardwood forest. Can. J. Bot. 68, 790-
797.

Cordes, L.D., Hughes, EM.R., Getty, M., 1997. Factors affecting
the regeneration and distribution of riparian woodlands along a
northern prairie river: the Red Deer river, Alberta, Canada. J.
Biogeogr. 24, 675-695.

Duncan, R.P., 1993. Flood disturbance and the coexistence of
species in a lowland podocarp forest, south Westland, New
Zealand. J. Ecol. 81, 403-416.

Finzi, A.C., Canham, C.D., 2000. Sapling growth in response to
light and nitrogen availability in a southern New England
forest. For. Ecol. Manage. 131, 153-165.

Fonda, R.W., 1974. Forest succession in relation to river terrace
development in Olympic National Park, Washington. Ecology
55, 927-942.

George, L.O., Bazzaz, F.A., 1999. The fern understorey as an
ecological filter: emergence and establishment of canopy-tree
seedlings. Ecology 80, 833-845.



48 R. Kiifiner/ Forest Ecology and Management 173 (2003) 37-48

Grubb, PJ., 1977. The maintenance of species-richness in plant
communities: the importance of the regeneration niche. Biol.
Rev. 52, 107-145.

Hall, R.B.W., Harcombe, P.A., 1998. Flooding alters apparent
position of floodplain saplings on a light gradient. Ecology 79,
847-855.

Hawk, G.M., Zobel, D.B., 1974. Forest succession on alluvial
landforms of the McKenzie river valley. Oregon. Northwest Sci.
48, 245-265.

Institute of Hydrology, 2000. Climatic data for the research area
Mittlere Elbe, Unpublished data.

Jones, R.H., Sharitz, R.R., 1998. Survival and growth of woody
plant seedlings in the understorey of floodplain forests in South
Carolina. J. Ecol. 86, 574-587.

Jones, R.H., Sharitz, R.R., Dixon, PM., Segal, D.S., Schneider,
R.L., 1994. Woody plant regeneration in four floodplain forests.
Ecol. Monogr. 64, 345-367.

Long, T.J., Jones, R.H., 1996. Seedling growth strategies and seed
size effects in fourteen oak species native to different soil
moisture habitats. Trees 11, 1-8.

Nakamura, F., Yajima, T., Kikuchi, S.-I., 1997. Structure and
composition of riparian forests with special reference to
geomorphic site conditions along Tokachi river, northern Japan.
Plant Ecol. 133, 209-219.

Reed, K.L., Shumway, J.S., Walker, R.B., Bledsoe, C.S., 1983.
Evaluation of the interaction of two environmental factors
affecting Douglas-fir seedling growth: light and nitrogen. For.
Sci. 29, 193-203.

Richards, K.S., Hughes, EFM.R., El-Hames, A.S., Harris, T.,
Pautou, G., Peiry, J.-L., Girel, J., 1996. Integrated field,
laboratory and numerical investigations of hydrological influ-

ences on the establishment of riparian tree species. In:
Anderson, M.G., Walling, D.E., Bates, P.D. (Eds.), Floodplain
Processes. Wiley, New York, pp. 611-635.

Sakai, T., Tanaka, H., Shibata, M., Suzuki, W., Nomiya, H.,
Kanazashi, T., Iida, S., Nakshizuka, T., 1999. Riparian
disturbance and community structure of a Quercus—Ulmus
forest in central Japan. Plant Ecol. 140, 99-109.

Sakio, H., 1997. Effects of natural disturbance on the regeneration
of riparian forests in a Chichibu mountains, central Japan. Plant
Ecol. 132, 181-195.

Siebel, H.N., 1998. Floodplain forest restoration: tree seedling
establishment and tall herb interference in relation to flooding
and shading. Sci. Contr. No. 9, IBN-DLO, 79 pp. ISBN 90-
76095-02-7.

Siebel, H.N., Bouwma, I.M., 1998. The occurrence of herbs and
woody juveniles in a hardwood floodplain forest in relation to
flooding and light. J. Veg. Sci. 9, 623-630.

SPSS, 1990. SPSS Advanced Statistics User’s Guide. ISBN 0-
918469-90-2.

Streng, D.R., Glitzenstein, J.S., Harcombe, P.A., 1989. Woody
seedling dynamics in an east Texas floodplain forest. Ecol.
Monogr. 59, 177-204.

Tilman, D., 1982. Resource competition and community structure.
Monogr. Population Biol., No. 17.

van Splunder, I., Coops, H., Voesenek, L.A.C.J., Blom, C.W.P.M.,
1995. Establishment of alluvial forest species in floodplains:
the role of dispersal timing, germination characteristics and
water level fluctuations. Acta Bot. Neerl. 44, 269-278.

Yin, Y., 1998. Flooding and forest succession in a modified
stretch along the upper Mississippi river. Regul. Rivers 14,
217-225.



	Mortality patterns of Quercus, Tilia, and Fraxinus germinants in a floodplain forest on the river Elbe, Germany
	Introduction
	Material and methods
	Results
	Environmental factors
	Light-ground vegetation relations
	Root-to-leaf biomass ratio of germinants
	Mortality patterns of seedlings in a floodplain forest
	Mortality during the entire observation period

	Pendunculate oak mortality
	Common linden mortality
	Red ash mortality


	Discussion
	Acknowledgements
	References


