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INTRODUCTION 

The role of competition in structuring plant communities has been a matter of 
discussion for several decades already. Although the importance of competition 
has been generally accepted, the exact role of competition and the precise 
mechanisms by which it operates are still unclear. While everyone would agree 
that competition is likely to be an important determinant of community structure 
in at least some cases, there is considerable debate as to the general importance 
of competition in this respect. Though a large number of works reporting the 
importance of competition can be found in literature (Connell 1983, Schoener 
1983), it is unclear, in many cases, how much the presented evidence in fact 
tells about the actual long-term and large-scale role of competition in commu
nity processes. 

As competition is, by definition, negative interaction between organisms, 
caused by their need for a common resource, it is most logical that the change 
of its relative importance along resource gradients has been one of the much 
discussed topics in ecology. Frequently, this discussion has been integrated with 
another important question — why do certain spatial and temporal patterns of 
species diversity exist in the natural world (Rosenzweig 2000)? Mostly, the de
bate has been concentrated on the relative importance of competitive exclusion 
of species in diversity maintenance. Competitive exclusion is, by definition, 
(local) extinction of a species due to interspecific competition. The principle of 
competitive exclusion, so-called Gause's principle, originally stated that species 
cannot coexist as long as they are limited by the same resource (Gause 1934). 
Later, the principle has been re-formulated several times, and nowadays the 
most widely used formulation states that long-term co-existence is impossible 
as long as species occupy the same (multidimensional) niche (Vandermeer 
1972). 

Most of the current approaches agree that competitive exclusion of species 
may occur, at least in some stages of plant community dynamics, but there is no 
agreement on the relative role of above-ground and below-ground interactions 
in competitive exclusion processes (Wilson 1988, Aerts et al. 1991, Wilson and 
Tilman 1993, Belcher et al. 1995, Cahill 1999). Competition for light has gener
ally been considered more crucial a determinant in competitive exclusion proc
esses (Grime 1979, Tilman 1990, Bengtsson et <3/. 1994, Nagashima et al. 1995) 
mainly because it tends to be strongly asymmetric (Weiner 1990). On the other 
hand, in competition experiments the effect of root competition usually turns 
out to be clearly stronger (review by Wilson 1988). This leads to one of the 
main questions underlying this thesis: what is the relative importance of root 
and shoot competition in the processes which determine plant community struc
ture and diversity? 
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In fact, below and above-ground components have seldom been separated in 
competitive interactions (Cahill 1999). Studies where such a separation has 
been made report different results. Some argue that the overall intensity of 
competition is greater with increased productivity (Grime 1973, 1979, Keddy 
1989, Wilson and Tilman 1993). Others claim that the overall strength of com
petition should not change with increased soil resources (Newman 1973, Tilman 
1988, Wilson and Tilman 1991, 1995), but, at the same time, the relative im
portance of shoot competition should increase with fertility (Wilson and Tilman 
1991, 1995). 

I have admitted above that the pair of dependences — below and above 
ground resource balance vs. root and shoot competition balance =» root and 
shoot competition balance vs. diversity maintenance — has been widely dis
cussed. It is much more difficult to find case studies where aspects of natural 
multi-species plant community structure other than diversity have be observed, 
as responding to changing resource levels and competitive pressure. At the 
same time, light competition intensity is surely dependant on the way in which 
the existing plant material is positioned in the vegetation (leaf orientation, num
ber of layers in the foliage, horizontal pattern of shoots, etc.). Though these as
pects have been quite thoroughly investigated in agricultural crops and wooded 
plants, there is very little reliable data for herbaceous natural or semi-natural 
communities. 

The body of theoretical problems, considered above, is closely related to one 
of the crucial topics in the planning of management and protection measures for 
temperate semi-natural plant communities — maintenance of species diversity 
in traditionally grazed or mown grasslands. There has been a drastic decrease in 
the area of traditionally managed grasslands in the Baltic Sea region in the last 
decades, resulting in a fall of diversity readings (see Kukk and Kull 1997 for 
review). Mostly, cessation of the long-term management regime has meant two 
things — neglection of the grassland (cessation of grazing or mowing) or fer
tilization (mainly addition of nitrogen) for better productivity. In both cases the 
resulting decrease in species diversity has been explained through competitive 
exclusion of species due to intensified interspecific competition (Gurevich and 
Unnasch 1989, Kull and Zobel 1991, Huber 1994). Thus clarification of the 
above-mentioned problems in ecological theory would surely be of some use for 
planning optimal protection and restoration strategy in semi-natural grasslands. 

One of the key problems in community ecology is experimental design. As 
far as competition studies are concerned, most of the knowledge has been gath
ered from pot, garden or greenhouse experiments (Connell 1983, Schoener 
1983). Manipulation of natural stands has also been popular, especially by al
tering soil nutrient availability and plant shoot density. The experimental altera
tion of light availability, if applied, has meant either shading (reduction of in
coming light) or physical manipulations with plant shoots in order to avoid 
contact between them (Connell 1983, Schoener 1983). Addition of light re
source is a treatment that has never been tested as a possible way of altering 

8 



light climate in natural vegetation and thus releasing the pressure of light com
petition in the community. One of the novelties in this thesis is the application 
of an original experimental manipulation of incoming light availability — the 
placement of South-facing mirrors (building a 'second sun'). 

The main aim of the experiment providing data for this thesis, was to study 
the relative importance of above- and below-ground competitive processes in 
determining small-scale canopy structure and diversity pattern in a herbaceous 
community. Given that possible short-term changes in species diversity are 
most easily detectable in communities with high species diversity, we chose a 
species-rich semi-natural grassland site (annually mown Laelatu wooded 
meadow in western Estonia) as the target community. Our main interest was to 
find out what the relative role of root and shoot competition in diversity mainte
nance is. Initially we assumed that intensified light competition is the main 
mechanism responsible for the decrease in diversity in the parts of the grassland 
where mowing had been discontinued or where nutrients had been added (Kull 
and Zobel 1991). Thus, we hypothesized that additional illumination of the can
opy could mitigate the effect of fertilization and cessation of mowing. 

We concentrated on the following main working hypotheses: 

1. Intensified interspecific competition for light, and hence competitive exclu
sion of species, is the main reason behind the decrease of diversity in those 
semi-natural plant communities where the long-term disturbance regime has 
been discontinued, or where fertilizer treatment has been applied. More spe
cifically: 

a. In the studied annually mown grassland, light normally does not limit 
above-ground productivity and shoot competition is not the major deter
minant of small-scale diversity pattern and plant canopy structure. 

b. In the case of nutrient addition, and/or cessation of annual mowing, light 
may become limiting for canopy productivity, and competition for light 
may become an important determinant of diversity and community 
structure. 

c. Additional light resource, if provided, would mitigate the effect of fertil
izer and cessation of mowing, by making competition for light less in
tense. 

Additionally, in the course of our work, several new problems came up which 
could be formulated as separate working hypotheses: 

2. Due to the obvious positive dependence between small-scale richness and 
density of plant ramets, richness per unit coverage could be a diversity 
measure more sensitive to experimental treatments than richness per unit 
area. 

3. Mean leaf orientation is regressed to the amount of direct radiation received 
in the growing season. The abundance of direct sunlight causes exposition of 
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leaf surfaces predominantly towards the North, the deficit of direct sunlight 
towards the South. 

4. Plants with different basic growth form (graminoid vs. forbs) and plants with 
different light requirement (light-demanding vs. shade-tolerant) differ in the 
plasticity of response to seasonal direct light availability. 
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MATERIAL AND METHODS 

Study site 

The study site is situated in a calcicolous species-rich wooded meadow in Lae-
latu, Western Estonia, on the eastern coast of the Baltic Sea (58°35'N, 23°34'E). 

The plant community at the site has been assigned to the Sesleria coerulea — 
Filipendula hexapetala association (Krall and Pork 1970). The majority of spe
cies (98%) in the herbaceous layer are perennials, 71% of the species are forbs 
and 29% are graminoids (III). There is a scattered tree layer in the meadow with 
Quercus robur, Fraxinus excelsior, Betula spp. and Populus tremula as the most 
abundant species. Average tree canopy coverage is ca 20%. 

The Laelatu meadow has been more or less regularily annually mown in 
early July for more than 200 years. Currently only about 20 ha of the whole 
153 ha area is being mown every year. The herbaceous community in the 
meadow is extremely species-rich on the small scale — as many as 25 vascular 
plant species have been recorded in a 10 cm x 10 cm plot, 42 species in a 20 cm 
x 20 cm plot (Kull and Zobel 1991), and 68 species in a 1 m2 plot (Kull and Zo
bel 1995). In 2001 even 76 vascular plant species were counted in one square 
meter (T. Kukk et al., unpublished data). It is important to note that the high 
species richness figures are characteristic only to the part of the meadow which 
has been permanently mown for centuries. In the remaining parts, which have 
probably been left unmanaged for certain periods of time, the small-scale diver
sity is considerably lower — ca 35 species per square meter as an average. 

Data on some relevant climatic parameters (number of sunshine hours per 
month, mean monthly air temperature, monthly precipitation) were acquired 
from the observatory of the Estonian Institute of Meteorology and Hydrology, 
situated 3 km from our experimental site (Table 1 in II). According to their data 
the total number of sunshine hours over three months (May to July) varied sea
sonally between 826 and 1081, being only 745 in the darkest and cloudiest year 
(1996). In this year the mean monthly temperature was also only 12.6°C com
pared to 13.7...14.5°C in the remaining years. The first year of the experiment 
(1994) weis the driest; the total precipitation during the three summer months 
was only 94.0 mm, compared to 174.6.. .219.5 mm in the remaining years. 

Experimental design 

The field experiment was established in late May/early June 1994 and lasted 
five seasons, until 1998 when half of the experimental plots (those that were not 
mown) where destroyed by taking root biomass samples for another data-set. In 
mown plots, species richness was estimated also in 1999. 
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Three different experimental treatments were applied to the herbaceous 
vegetation: 

1) additional illumination with the help of vertical south-facing glass mirrors; 
2) fertilization with NPK and microelements; 
3) mowing. 

The experiment had a randomized factorial design. Each of the treatments had 
two levels (treated or not, + or -), and all of the eight possible (2x2x2) treat
ment variants had three replicates; thus we had 24 permanent plots altogether. 
Given that the long-term management regime in the grassland has only been 
annual mowing for hay (without fertilizer addition), the control plots where 
those that were non-fertilized, not additionally illuminated and annually mown. 

The size of experimental permanent plots where changes in vegetation 
structure were recorded each summer was 40x40 cm. Actually, quadrats of lm2 

(with the sample 40x40 cm area in the center) were experimentally treated, in 
order to avoid edge effects. 

The plots were additionally illuminated with the help of glass mirrors meas
uring 212 cm (horizontal) x 124 cm (vertical), their lower edge being 20 cm 
from ground level. The mirrors faced south and reflected sunlight to the plots 
for ca 6 hours per day during the growing season. The mirrors increased the 
amount of photosynthetically active radiation (PAR) and also temperature 
(measured with linear light meter Licor LI-250 and Quantum Sensor Licor LI-
19ISA and thermometer, respectively; see Table 2 in II). Mirrors increased the 
amount of PAR above the canopy by ca 65%. In the lowest canopy strata (5 cm 
from ground) the amount of PAR increased approximately twofold. 

The change of temperature was the highest in intermediate canopy layers 
(Table 2 in II). 

The plots were fertilized twice a year — in early May and in late September. 
The annual amounts and element composition of the fertilizer are shown in table 1. 

Table 1. The chemical composition of the mixture used in the fertilizer treatment and 
the annual amounts of nutrient addition 

Target nutrient 
element 

The chemical compound 
used 

Annual addition of the 
target element (g m~2 yr_]) 

N NH4NO3 10 
P P2O5 4.2 
K KNO3 4.2 
B Na2B407 0.12 
Mo (NH 4) 2 MO024 0.005 
Mg MgS04 x 7 H20 2.5 
Fe FeS04 x 7 H20 0.2 
Mn MnS04 x 5H20 0.5 
Zn ZnS04 x 5H20 0.5 
Cu CuS04 x H20 1.2 

The plots were mown once a year, in mid-July. 
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Sampling methods 

During first three years of the experiment (1994... 1996) the plots were exam
ined twice a year — in the end of June to early July and early September. Last 
two years (1997... 1998) the plots were studied only once a year, in July. 

We studied plant canopy structure using the point quadrat method. Instead of 
the usual metal pins we used a laser beam with a diameter of 1 mm (see Fig. 1 
in I for the equipment) to mark the quadrats. During the first year we positioned 
the point quadrats at three different angles — 60° (the angle approximating the 
mean angle of incoming direct light around noon), 90° (vertical) and 120° (incli
nation of the point quadat towards the north; see Fig. 2 in I). Since 1995 we 
continued to make investigations at two angles instead of three — 60° and 120°. 
Studying canopy from different angles enabled us to roughly assess the mean 
orientation of leaves along the south-north direction (Fig. 3 in I; III). 

We made observations at 50 different randomly chosen points at each angle 
in every plot in a sampling season — during the first year at 150 points 
(3 angles x 50 points) and in the remaining years at 100 points (2 angles x 
50 points). The coordinates of the points were determined beforehand, using a 
random number generator, to an accuracy of 1 mm. In each point quadrat the 
number of contacts of living plant biomass with the point quadrat beam were 
recorded. 

In 1994, in the first sampling session (summer), in eight plots — one from 
each treatment variant — we identified the plant species for every contact in the 
point quadrats. In the second sampling session (autumn), four plots were studied 
in this way (annually mown plots were excluded). In 1995 and 1996 the autumn 
session was omitted. 

Complete floristic inventory was performed after point quadrat survey. We 
also estimated visually the percentage coverage for each species. 

To study separately functionally different species we classified them: 
a) according to growth form — graminoids (Cyperaceae and Poaceae) vs. forbs 
(the remaining vascular plant species); b) according to the Ellenberg ecological 
indicator value for light (Ellenberg et al. 1991). A species was considered light 
demanding if its indicator value for light exceeded 6 (not included). 

Availability of direct light in sample plots was estimated from hemispherical 
photographs made in 1999. The direct site factor Tdir (proportion of direct ra
diation under tree canopy relative to that above the tree canopy; Machado and 
Reich 1999) was estimated as an integral for the period of one month (30 days 
before maximum sun angle till maximum sun angle), using cosine correction 
(III). 

4 13 



Data analysis 

Estimation of diversity 

In addition to counting species, we estimated species diversity in plots using 
indices of the Hill's family Nj and N2 (exponent of Shannon's index and inverse 
of Simpson's index, respectively) and evenness measures derived from these 
two — N]/N0 (E],o) and N2/N0 (E2,o) where N0 is species richness (Routledge 
1979). The dynamics of species richness (N0) and diversity (NIf N2, EL0, E2,o) in 
experimental plots were analysed using ANOVA and Repeated Measures 
ANOVA. Cumulative species richness was calculated as the sum of all species 
that had occurred in the particular plot throughout the observation years 
1994... 1999 (number of species in the first year plus number of new species 
during next years; van der Maarel and Sykes 1993). For this period of time there 
was species composition data available only for permanently mown plots. For 
all plots the last observation year was 1998. 

The effect of experimental treatments and time on cumulative species rich
ness was analyzed using Repeated Measures ANOVA. 

Number of contacts in a point quadrat 

The effect of experimental treatments and time on the mean number of contacts 
per point quadrat (from now number of contacts) was analyzed using Repeated 
Measures ANOVA (see I and II for details). 

Degree of biomass aggregation 

The degree of biomass aggregation in a plot was calculated as the ratio of ob
served and expected (in the case of random spatial distribution of biomass) 
variance of the number of contacts in a plot (see I for details). The effects of 
experimental treatments, time and angle of observation on the degree of bio-
mass aggregation were analyzed using Repeated Measures ANOVA. 

The variance ratio statistic 

The relative spatial variability of species richness at a point was estimated by 
calculating the variance ratio statistic (Palmer 1987, Wilson et al. 1987, Zobel 
and Zobel 1988) — observed variance of the number of species in a point 
quadrat divided by the expectancy from a null model assuming random and in
dependent distribution of species inside a permanent plot (see I for details of the 
computation technique). 
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Standardized species richness 

Standardized species richness (richness per unit coverage) was calculated as 
species richness in a plot divided by total plant coverage (sum of coverages of 
all species) in this plot. The relationship between species richness and total cov
erage was analysed using linear regression analysis. The same analysis was 
used for studying the relationship between annual changes of species richness 
and total coverage. The effect of experimental treatments and time on standard
ized species richness was analysed using Repeated Measures ANOVA. 

Leaf orientation index 

Mean plant aerial part azimuth orientation was represented in a single index 
LOI - leaf orientation index. The statistic was calculated as follows: 

LOIij = In (N(60)9/N(120)q) (1) 

N(a)ij — total number of contacts with vascular plants registered in the 50 point 
quadrats positioned at angle a, in i-th plot, ;-th year. The values LOIjj > 0 denote 
the exposition of leaf surface predominantly towards the South. 

Direct radiation index 

We calculated direct radiation index (DRI) to estimate the relative amount of 
direct light in a plot in a particular year. The statistic was calculated as follows: 

DRIij = Sj * Tdin * M (2) 

DRIjj — direct radiation index for i-th plot in j-th year; 
Sj — number of sunshine hours in May and June in y'-th year; 
Tdirj — direct site factor in i-th plot; 
M — mirror efficiency coefficient, i.e. estimate of the overall multiplicative 

effect of additional illumination (in plots without mirrors M = 1). The 
estimate of M was achieved statistically (see III). 

All statistical procedures were performed using Statistica 6.0 software. 
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RESULTS 

Species richness and diversity 

Altogether 119 species of vascular plants were recorded in the permanent plots 
during 5 years of the experiment. 87 vascular plant species were recorded in 
those eight plots where we specified every species in point quadrats during the 
first three years of the experiment (III). 

The dynamics of species diversity in the 24 permanent plots is shown in Ta
ble 2. Unfortunately, the experiment did not yield any significant responses of 
small-scale diversity in the experimentally manipulated plots. None of the experi
mental treatments caused clear changes in species number, nor were the interactive 
effects of treatments significant. This was true regardless of the particular diversity 
measure used as a dependent variable in the ANOVA model (richness, change of 
richness when compared to initial situation, Nh N2, evenness of abundance). 

Table 2. Species richness in permanent plots (40x40 cm) with different treatment 
variants in different years (1994-1998). Not fertilized, not additionally illuminated and 
annually mown plots served as control plots. 

Fertilization Mirror Mowing 1994 1995 1996 1997 1998 
- - - 37 31 34 32 33 
- - - 27 28 30 27 27 
- - - 24 24 23 19 21 
- - + 46 33 39 34 35 
_ - + 29 30 31 30 29 
- - + 37 35 38 35 34 
- + - 37 38 37 36 36 
- + - 27 30 28 26 28 
- + - 44 36 33 29 34 
- + + 23 25 21 17 21 
— + + 45 30 31 32 31 
- + + 24 21 22 19 20 
+ — - 26 35 29 28 30 
+ - - 22 25 25 20 19 
+ — - 43 30 36 34 31 
+ — + 30 29 28 30 30 
+ — + 41 32 35 30 36 
+ - + 29 25 30 30 28 
+ + - 30 30 29 19 24 
+ + — 37 34 36 32 31 
-4- + - 44 37 38 34 33 
+ + + 28 25 26 22 22 
+ + + 46 34 40 37 38 
+ + + 34 33 34 31 35 
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Somewhat surprisingly, considering that no significant annual changes of diver
sity were detected, the effect of experimental treatments appeared when cumu
lative species richness in a plot was used as the dependent variable. This was 
true, though, only for permanently mown plots, observed also in 1999. For all 
the 24 plots (last observation year 1998) there were no significant effects of 
treatments on cumulative richness. The highest cumulative species richness in 
the mown series was found in those plots where additional illumination and fer
tilization had been applied simultaneously (interaction fertilization ̂ illumination 
significant at/? = 0.0194, Fig. 1). At the same time the main effects of fertiliza
tion and additional illumination were not significant, although both treatments 
led to a certain decrease in mean cumulative richness, when applied alone 
(Fig. 1). 

F - M -  F - M +  F  +  M  

Treatment 

F + M + 

Mean+SE 
Mean-SE 

Mean 

Figure 1. The effect of fertilization ( F )  and additional illumination (M) on cumulative 
richness in permanent plots (1994... 1999). The interaction F*M is significant at 
p = 0.0194. Bars indicate standard errors. 

Canopy density 

The grand mean number of contacts per point quadrat beam in a plot over the 
five years of the experiment was 5.29 (min 2.18, max 11.8, SD 1.68; III). 

Canopy density increased significantly during the growing season in all plots 
(impact of time significant at /?<0.0001; Fig. 4 in I). Logically, the increase was 
the greatest in fertilized plots (impact of fertilizer significant at /?=0.0437). 

Fertilization led to an increase in canopy density in the long term also (Table 
3 in II, effect of fertilization pcO.OOOl). However, the highest number of con
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tacts per point quadrat beam was in plots with the highest resource levels - in 
fertilized plots with mirrors (Fig 1 in II). 

Degree of biomass aggregation 

The observations in the first year of the experiment showed that fertilization 
leads to a significantly more aggregated spatial distribution of biomass in the 
canopy (Fig 5 in I; time*fertilization interaction significant at /?=0.0353). Mir
rors, in turn, decreased this effect significantly (p=0.0189), so that in addition
ally illuminated plus fertilized conditions the canopy was even more homoge
neous than in control plots. 

The variance ratio statistic 

There was demonstrated to be a variance deficit (observed variance of richness 
smaller than expected) in all the analyzed 36 data-sets (representing treatment 
combination, time and angle — eight plots and three angles in the first sampling 
date, four plots and three angles in the second sampling date). Generally, ex
pected variance could be predicted well from the observed one (Fig. 6 in I, note 
that the names of the X and Y axes have been confused in the graph — X axis 
actually measures expected variance and vice versa). Also, variance ratio statis
tic was in good correlation with the degree of biomass aggregation. Great vari
ance deficit predicts a highly aggregated spatial distribution of shoot biomass 
(Fig. 7 in I). 

During the first season, fertilization as well as light addition, when applied 
alone, caused a considerable decrease of the variance ratio (Fig. 8 in I). When 
these treatments were applied simultaneously, no detectable change in variance 
ratio could be observed. 

Standardized species richness 

Species richness was significantly and positively related to total plant coverage 
in a plot (Fig. 3 in II, /?=0.0017). Also, annual change of species richness in a 
plot could be predicted from the annual change in total plant coverage (Fig. 4 in 
II, /7-0.0001). Decrease of coverage generally meant a decrease in richness as 
well, and vice versa. Only during the first year of the experiment was the annual 
change in species richness unrelated to annual change in coverage. 
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As the relationship between species richness and total plant coverage in a 
plot could with great probability shade the possible relationships between spe
cies richness and experimental treatments, we invented another weighed rich
ness measure — species richness per coverage, i.e. standardized species rich
ness (Sst). 

The only factors that affected standardized species richness significantly 
were time and fertilization (Table 4 in II). Standardized species richness proved 
to be significantly smaller in fertilized plots (pcO.OOOl). 

The orientation of plant aerial parts in the canopy 

The positioning of point quadrats at different angles in a South-North direction 
made it possible to study changes in the azimuth orientation and inclination of 
plant leaves in the canopy (Fig. 3 in I). 

In the first year of the experiment the number of contacts observed at differ
ent angles were quite similar, i.e. leaves did not show any preference of orien
tation. The exception was again these illuminated and fertilized plots where the 
number of contacts was the smallest at 60° (Fig 4 in I) — leaf surface was ex
posed predominantly towards the North. 

When observations over the five years of the experiment were pooled, it ap
peared that there were consistently more contacts recorded at 120°, except in the 
darkest and coolest year (1996) when leaves were exposed predominantly to
wards the sun in all plots, regardless of treatment (Fig 2 in II). 

We got the same result when studying the relationship between leaf orienta
tion index (LOI) and direct radiation index (DRI). There was a significant posi
tive relationship between these characteristics (p=0.0021, Fig. 2 in III). In con
ditions when there was enough sunlight the surface of leaves was orientated 
towards the North and in years with less light, towards the sun. 

Response of species with different growth form and 
light requirements 

Not all plants responded similarly to the change in light conditions by adjusting 
the mean leaf azimuth angle of their aerial parts. Mostly, light-demanding 
(Fig. 4 in III) and graminoid (Fig. 3 in III) species were responsible for such an 
effect: 41% of the variation in leaf orientation (LOT) was explainable through 
direct light availability (DRI) for light-demanding species and 26% for grami
noid species. Shade-tolerant species (Ellenberg's indicator value for light below 
seven) and forbs did not show any sign of plastic reaction to changes in direct 
light availability (III). 
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DISCUSSION 

Unfortunately, the results of the experiment did not provide firm evidence in 
support of our main working hypothesis {Hypothesis 1, la, lb, 1c, see introduc
tion): intensified interspecific competition for light, and hence competitive ex
clusion of species, is the main reason behind the decrease in diversity in those 
semi-natural plant communities where the long-term disturbance regime has 
been discontinued, or where fertilizer treatments have been applied. The main 
reason for that was the failure of the fertilizer treatment to suppress richness in 
permanent plots. Thus, Hypothesis lc — additional illumination, if provided, 
would mitigate the effect of fertilizer... — turned out to be impossible to test. 
Species diversity per se, regardless of how it was estimated (richness, Nj, N2, 
evenness), did not respond significantly to any of the experimental manipula
tions. This was an unexpected result, given that a sharp decrease in species 
richness due to fertilization and cessation of mowing had been recorded in the 
same meadow earlier (Kull and Zobel 1991), and a similar effect has been 
shown in several previous experiments (see Gurevich and Unnasch 1989 for 
review; Gough et al. 1994). Most probably, we failed to affect richness in per
manent plots because of the quite small areas manipulated with experimental 
treatments (only 1 m2). The invasion of species from surrounding areas through 
lateral vegetative spread and propagule input (mass effect) might have been in
tense enough to compensate the probable competitive extinction of certain spe
cies, since, in Laelatu meadow, vegetative regeneration is prevailing and regen
eration from seeds is obviously not so important (Kalamees and Zobel 2002). 

However, we managed to find some indirect evidence in favour of Hypothe
sis 1. When the series of permanently mown plots was observed, cumulative 
species richness was the highest in the plots with the highest resource levels — 
in fertilized plots with mirrors. There, additional illumination obviously miti
gated the intensified light competition expected to occur when plots are only 
fertilized and no additional light is provided. Unfortunately, we could not detect 
a significant decrease in cumulative species richness due to fertilization, though 
visually there seems to be some negative effect (Fig. 1). 

The testing of Hypothesis 2 (see introduction) — due to the obvious positive 
dependence between small-scale richness and density of plant ramets, richness 
per unit coverage could be a diversity measure more sensitive to experimental 
treatments than richness per unit areal — revealed a way of detecting the effect 
of fertilizer treatment on species richness. The first step in testing this hypothe
sis was to check whether the assumption on the richness — canopy density re
lationship holds. It appeared that species richness and total coverage of plants 
showed a significant positive correlation over all treatment variants, over all 
years of the experiment. Also, year-to-year changes in plot richness could be 
predicted from year-to-year changes in total coverage. The first year of the ex
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periment was the exception here — change of richness 1994... 1995 was not 
correlated with change of total coverage 1994... 1995. This possibly reflects the 
consequences of the severe drought during the first year of the experiment 
(1994, Table 1 in II) — in the following year (1995) richness in a plot evidently 
depended mostly on the drought-tolerance of the particular species inhabiting 
the plot in 1994. Positive correlation between species richness and plant density 
per constant area has been shown before on a broad gradient of community pro
ductivity and small-scale diversity (Zobel and Liira 1997) and in artificial 
communities with experimentally manipulated plant density (Goldberg and Es-
tabrook 1998) but not between small-scale richness and canopy coverage inside 
a compact plant community. 

Though fertilized plots generally carried a denser canopy, the mentioned re
lationship did not hold in fertilized plots, which were significantly more spe
cies-rich. The overall variability of richness, as well as canopy coverage, were 
great enough to shade the possible effects of experimental treatments on the 
richness — coverage relationship. Our results somewhat contradict several pre
vious experiments where fertilization has led to decreasing species density with 
increasing canopy density (e.g. Pasternak-Kusmierska 1992, Gough and Grace 
1998, but see Huberty et al. 1998). 

The overall positive relationship between plot richness and canopy coverage 
encouraged the use of standardized richness (S,t) for detecting the effects of ex
perimental treatments on diversity. Unfortunately, we failed to find evidence on 
competition for light being the key factor in diversity formation. Although nu
trient addition led to a decrease in richness per unit coverage, there was no indi
cation of additional illumination mitigating this effect. Neither did cessation of 
mowing affect Sst significantly. 

The results of studying the spatial structure of the canopy by means of point 
quadrat analysis generally supported the assumption made in Hypothesis la : in 
the studied annually mown grassland light normally does not limit above-
ground productivity and shoot competition is not the major determinant of 
small-scale diversity pattern and plant canopy structure. Light does not seem to 
be the limiting resource under normal conditions — additional illumination, 
when applied as a single treatment, caused no significant increase in canopy 
density, measured as number of vascular plant contacts per point quadrat beam 
(Fig. 1 in II). Neither did additional illumination have apparent harmful effect 
on productivity. The considerable rise in radiation intensity and the notable rise 
in temperature in the case of direct sunshine (by more than 60% and by 
10...20%, respectively, see Table 2 in II) has not led to a significantly sparser 
canopy in additionally illuminated plots. As expected, fertilization led to a sig
nificant increase in canopy density (Fig. 1 in II). 

Also, there was evidence, supporting the Hypotheses lb, lc, stating that light 
would become limiting after nutrient addition, and that additional illumination 
would mitigate this effect, respectively. Fertilization in fact lead to denser and 
also more aggregated canopy, but the densest and most homogeneous canopies 
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were found in fertilized plots with mirrors. Additional illumination most proba
bly mitigated the intensified light competition that occurred after fertilization 
and prevented the uneven development of canopy-forming species in these plots 
so that the changes in biomass aggregation were even smaller than in control 
plots or in plots with only mirrors (Fig. 5 in I). 

The results of computing the variance ratio statistic were somewhat unex
pected. The good predictability of the null model expectation from observed 
spatial variability of richness in a point quadrat, and the rather close relationship 
between the degree of small-scale biomass aggregation and variance ratio 
(Fig. 7 in I) makes it dubious whether such a statistic can be used as an inde
pendent and biologically meaningful characteristic of community organization. 
Variance ratio appears to follow mainly the spatial variability of the amount of 
plant material in a quadrat (the latter is well correlated with the expected vari
ance of point quadrat richness) and says little about the competitive pressure or 
possible niche limitation (I, Palmer and van der Maarel 1995, van der Maarel et 
al. 1995). 

Our third working hypothesis was concerned with the ability of grassland 
plants to respond to changes in light availability by adjusting the mean inclina
tion of leaves: mean leaf orientation is regressed to the amount of direct radia
tion received in the growing season. The abundance of direct sunlight causes 
exposition of leaf surfaces predominantly towards the North, the deficit of direct 
sunlight, towards the South. 

The results of our study demonstrate that the relationship between mean leaf 
orientation and the amount of direct radiation received during the growing sea
son can be quantified (Fig. 1 in III). Though the predictive power of the regres
sion model remains very low there is evidence supporting our hypothesis. 

There was strong indication that the general orientation of leaves of herba
ceous species depends on the climatic conditions prevailing during the growing 
season. In more or less sunny 'ordinary' years (in our experiment 1994, 1995, 
1997, 1998, Table 1 in II) the orientation of leaves was similar to what has been 
reported in earlier studies (e.g. Cooper et al. 1970) — leaves were predomi
nantly inclined towards the sun, exposing their surfaces towards the North. In 
the exceptionally cool and cloudy year (1996, Table 1 in II) the situation was 
strikingly different, independent of the experimental treatment (Fig. 2 in II) — 
then the prevailing inclination of leaves was towards the North, i.e. leaf surfaces 
were mostly exposed to the South. Plants apparently showed considerable plas
ticity by orientating their photosynthetic surface towards the direction of the sun 
to absorb more PAR. 

The more detailed study of leaf North-South orientation, with species identi
fied for each contact in the point quadrat analysis, revealed the reason why the 
overall regression of LOI on DRI was so weak as to describe only less than 
seven percent of the observed variation of the dependent variable (Fig. 1 in III). 
It appeared that only certain functional groups of species are responsible for the 
plasticity of mean leaf orientation in the canopy (our fourth hypotheses). In 
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light-demanding species with Ellenberg indicator value for light seven or higher 
(73% of all species recorded) the seasonal amount of direct PAR was a good 
predictor of mean leaf orientation, describing 41% of total variation in LOl 
(Fig. 3 in III). The azimuth angle of shade species was not related to the season
ally received amount of direct radiation. Evidently, the ability to escape too in
tense direct radiation, and thus avoid photoinhibition, is an important trait of 
those species which are adapted to grow in full light. In shade species the dan
ger of experiencing excessive direct radiation is too small in the long run to 
adopt an ability of adjusting the canopy to seasonal light climate. 

Another functional group of species that demonstrated clear response in leaf 
orientation were species with graminoid growth form (grasses and sedges in the 
Laelatu meadow, 29% of the recorded species; Fig. 4 in III). The mean azimuth 
angle of the remaining species (forbs) appeared to be insensitive to the seasonal 
PAR availability. Most probably, such difference should be explained through 
the basic differences in how leaves are produced and maintained in forbs vs. 
graminoids. In the latter the vegetative leaves are often obligatory asymmetrical 
in respect to the vertical axis of the ramet while forbs can be obligatory sym
metrical. Thus, providing that most of the graminoid ramets are vegetative (and 
this is the case in the Laelatu meadow), a certain azimuth angle of inclination 
may easily prevail, if there is a signal in the environment that alters the azimuth 
direction of leaf emergence in the early development phase of the leaves (see 
Myers et al. 1997 for comparison). 
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VÄETAMISE, NIITMISE JA LISAVALGUST AMISE 
MÕJU LIIGIRIKKA NIIDUKOOSLUSE 

STRUKTUURILE 

Kokkuvõte 

Liikidevahelise konkurentsi rolli taimekoosluse struktuuri kujunemisel, püsi
misel ja muutumisel on taimeökoloogias palju uuritud. Saati pole senini ühest 
arusaamist, mil määral, kuidas ja miks konkurents koosluse protsesse mõjutab. 

Konkurentsi võib taimedel jaotada maa-aluseks ja maapealseks. Maapealset 
konkurentsi ehk valguskonkurentsi peetakse üldiselt olulisemaks koosluse elu 
mõjutajaks, sest, olles tugevalt ebasümmeetriline, viib see kergesti liikide 
konkurentsele väljatõrjumisele. Samas osutub eksperimentaalselt mõõdetud 
juurkonkurents tihtipeale tugevamaks kui valguskonkurents. Niisiis jääb ebasel
geks, milline on kahe konkurentsitüübi suhteline roll taimekoosluse struktuuri ja 
mitmekesisuse määramisel ning sellesisuline uudne teave peaks taimeökoloo
gias üldist huvi pakkuma. 

Käesolevas töös eeldasime, et intensiivistunud liikidevaheline valguskonku
rents on peamine liigilise mitmekesisuse vähenemise põhjus nendes pool-
looduslikes kooslustes, kus on lakanud pikaajalise häirimise (niitmine, kar
jatamine) režiim või kus on kasutatud väetisi. Peamine tööhüpotees oli, et meie 
uuritavas taimekoosluses (väetamata ja iga aasta niidetav Laelatu puisniit 
Lääne-Eestis) valgus ei ole limiteerivaks faktoriks, aga muutub limiteerivaks 
pärast toitainete lisamist või niitmise katkestamist. Sel juhul peaks väetamise 
ja/või niitmise lakkamise mõju olema neutraliseeritav lisavalgustamisega 
lõunasuunaliste peeglite abil. 

Püüdsime leida vastust ka küsimusele, kas keskmine lehe orientatsioon ro
hustu võras sõltub kasvuperioodi jooksul saadud otsese kiirguse hulgast. Eelda
sime, et otsese päikesekiirguse küllus põhjustab lehepinna pöördumist enamasti 
põhja poole, otsese kiirguse defitsiit aga lõuna poole. Samuti pakkus huvi, kas 
paindlikkus valgustatusele reageerimisel on erinev eri kasvuvormiga (kõrrelised 
vs. rohundid) ja erineva valgusnõudlusega taimedel (valgusnõudlikud vs. vaiju-
taluvad). 

Töös on kirjeldatud viieaastase (1994... 1998) eksperimendi tulemusi. Uuri
sime liigirikka niidukoosluse võra struktuuri ja liigilise mitmekesisuse muutusi. 
Eksperimendis muutsime taimede maapealset ja maa-alust konkurentsi väeta
mise, niitmise ja lisavalgustamisega. Lisavalgust andsime vertikaalsete peeglite 
abil, mis peegeldasid päikesevalgust prooviruudule ca 6 tundi päevas kasvupe
rioodi vältel. Niitsime kord aastas juuli keskel ja väetasime kaks korda aastas, 
mai algul ja septembri lõpus. 

Prooviruutude suurus oli 40x40 cm. Töötlesime 1 m2 suurust ala proovi-
ruudu ümber. Igal töötlusel oli kaks taset (töödeldud või töötlemata), kõiki ka

28 



heksa (2x2x2) võimalikku töötluste variante oli kolmes korduses, seega oli 
prooviruute kokku 24. 

Rohustu võra struktuuri uurisime nn. nõelaproovi meetodil, kasutades 
laserikiirt nõela asemel. Vaatlusi tegime kahe erineva nurga — 60° ja 120° alt 
lõuna-põhja teljel (vastavalt keskmine päikesenurk sel aastaajal ja peegelduva 
päikese nurk). Vaatlusi tegime kummagi nurga alt 50, juhuslike koordinaatidega 
punktides. Igal ruudul määrasime ka kõik seal kasvavad taimeliigid. 

Liigirikkus prooviruutudel paraku ei muutunud oluliselt tänu eksperimen
taalsetele töötlustele. Põhjus on ilmselt see, et prooviruudud olid väikesed 
(40x40 cm) ja ümbritsevalt, töötlemata alalt levisid taimed vegetatiivselt ka 
prooviruutudesse, kompenseerides seega oodatud liigirikkuse vähenemist pärast 
väetamist ja niitmise lakkamist. 

Kumulatiivne liigirikkus (liikide arv esimesel vaatlusaastal, millele on liide
tud lisandunud liikide arv järgnevatel aastatel) oli suurim ruutudel, kus oli enim 
ressursse taimede kasvuks — väetatud peeglitega ruutudel. Tundub tõenäoline, 
et nendel ruutudel lisavalguse andmine leevendas valguskonkurentsi, mis muu
tus tugevamaks pärast väetamist nendel ruutudel. Samuti oli taimede võra kõige 
tihedam ja ühtlasema jaotusega nendel ruutudel, kus oli nii väetatud kui ka 
lisavalgust antud. Nende ruutude võra oli ühtlasem isegi kui kontrollruutude 
(niidetud väetamata ja peeglita ruudud) oma. 

Taimede üldkatvus proovimudul oli ainus parameeter, mis oli oluliselt seo
tud väikeseskaalalise liigirikkusega, olenemata eksperimentaalsest töötlusest või 
aastast. 

Liigirikkus ühikulise katvuse kohta (nn. standardiseeritud liigirikkus) vähe
nes oluliselt pärast väetamist. Taimede kogukatvuse aastane muutus oli hea 
aastase ruudu liigirikkuse muutuse ennustaja, välja arvatud erandlikult kuival 
perioodil (1994... 1995). 

Keskmine lehtede orientatsioon rohustus sõltus otsese pealelangeva kiirguse 
hulgast kasvuperioodil, seda eriti valgusnõudlike ja graminoidsete liikide puhul. 
Tavaliselt (neljal aastal viiest) ei olnud valgus vaadeldud niidurohustus taimede 
jaoks limiteeriv ja taimed pöörasid suurema osa oma lehepinnast päikesest 
eemale. Erandlikult pilvisel aastal (1996) oli aga taimede lehepind pööratud 
valdavalt päikese poole. 
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Abstract. Fine-scale structure of a species-rich grassland was 
examined for seasonal changes caused by manipulated changes 
in the availability of above and below-ground resources (addi
tional illumination with the help of mirrors and fertilization) in 
a field experiment. If changes induced by fertilization - which 
are expected to lead to a reduction in small-scale diversity -
are due to intensified light competition, they should be com
pensated for by additional light input 

Permanent plots of 40 cm x 40 cm were sampled by the . 
point quadrat method at three angles (60", 90° and 120° 
from the horizontal North-South direction), using a laser 
beam to position the quadrats, in early July and early 
September, The applied treatments did not cause apparent 
changes in plant leaf orientation. The degree of spatial 
aggregation of biomass increased seasonally in fertilized, 
non-illuminated plots: greater productivity at a constant 
light supply led to a faster growth rate of potentially domi
nant species, as compared to the subordinate ones. Addi
tional illumination mitigated this effect of fertilization, 
indicating that the observed changes in biomass aggrega
tion were due to increased light competition. 

There was a considerable seasonal decrease of variance 
ratio (ratio of observed variance of richness at a point and 
variance expected at random) in fertilized only and in illumi
nated only plots. In fertilized plots this was due to the 
positive relationship between biomass aggregation and ex
pected variance of richness. Biomass constancy occurs to be 
inversely related to deficit in variance of richness. In illumi
nated plots, in contrast, only the observed variance of rich
ness decreased seasonally, indicating a more uniform use of 
space by different species. Evidently, a deficit in variance of 
richness can be caused by drastically different processes, show
ing that the variance ratio statistic may not have a significant 
explanatory value in fine-scale community studies. 

Keywords: Field experiment; Grassland community; Root 
competition; Shoot competition; Species richness. 

Nomenclature: Kuusk (1972). 

Introduction 

Ecologists generally agree that interspecific compe
tition is a force which may affect the structure and 
dynamics of plant communities. However, there is little 
agreement on how competition intensity, and the rela
tive importance of competitive interactions for commu
nity development, is related to the availability of essen
tial resources. Competition intensity has been consid
ered (1) to be unrelated to habitat productivity (S.D. 
Wilson & Shay 1990; Taylor et al. 1990; S.D. Wilson 
& Tilman 1991, 1993; Belcher et al. 1995), or (2) to 
increase with habitat productivity (Grime 1979; Gure-
vitch 1986; J.B. Wilson 1988; Reader & Best 1989). 
Logically, there are also different views on the role of 
competition as a determinant of community structure 
and diversity in relation to habitat productivity (Grime 
1979; Tilman 1990; Tilman & Pacala 1993; Bengtsson 
et al. 1994). Much of the controversy is probably due 
to. the fact that below and above-ground competition 
have rarely been separated in ecological experiments. 
Studies where such a separation has been made usually 
report that root competition is more important (J.B. 
Wilson 1988; Aerts et al. 1991; Belcher et al. 1995) 
and is negatively related (S.D. Wilson & Tilman 1993) 
or unrelated (Belcher et al. 1995) to soil fertility. 

On the other hand, most of the approaches agree that 
shoot competition intensity is positively related to pro
ductivity (though it has seldom been measured sepa
rately; Grime 1979; J.B. Wilson 1988; S.D. Wilson & 
Tilman 1993), and that competition for light may be a 
major determinant of community change or community 
stability (Grime 1979; Tilman 1990; Bengtsson et al. 
1994). The relative importance of the two types of 
competition for community dynamics still remains un
clear, even if we assume that (1) nutrient competition 
and light competition are uncorrelated or negatively 
correlated, (2) nutrient competition is unrelated or nega
tively related to productivity and (3) light competition is 
positively related to productivity, and then look at the 
latest results of root/shoot competition experiments. 
Root and shoot competition may differ greatly in their 
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symmetry (Weiner 1990) so it may be that nutrient 
competition, which usually appears to be more intense 
in the experiments, is less important as a determinant 
of community structure and diversity than previously 
assumed. 

Though diversity may, in some cases, promote pro
ductivity (Kareiva 1994) the common understanding is 
that diversity tends - at least in medium to fertile condi-
tiohs - to decrease with productivity (Grime 1979; Moore 
& Keddy 1989; Gough et al.1994). For example, fertili
zation of species-rich grasslands, with constant distur
bance rates, usually results in a decline of diversity 
(Bobbink & Willems 1987; Kull & Zobel 1991; Willems 
et al. 1993; van der Maarel & Sykes 1993; Tilman & 
Pacala 1993). If we agree that such a decline is caused 
by competitive exclusion of certain species, for in
stance because of intensified competition (a view sup
ported by many authors; cf. Zobel 1992; Bengtsson et 
al. 1994), one may pose the question: is it root compe
tition, shoot competition, orboth, that cause the change? 
This study attempts to seek evidence to clarify this 
question, while analysing the short-time effect of grass
land fertilization. 

So far, in all field experiments where competition 
for light has been manipulated, it has been done either 
by physically preventing contact among the leaves of 
target and non-target plants (and thus at the same time 
introducing disturbance as an additional manipulation), 
or by reducing resource availability by shading (see 
Aarssen & Epp 1990 for a review). None of the field 
experiments have included an increase of resource avail
ability for shoots, by adding light (a procedure compara
ble to fertilization in the case of below-ground resources). 
The experiment that provided data for this study applies 
(in a factorial design) two treatments to increase re
source level both below- and above-ground. The broad 
objective of the experiment is to learn whether the 
expected fertilization-induced change of community 
structure and the decrease of species diversity in a 
species-rich grassland can be compensated for by ad
ditionally illuminating the canopy with the help of 
mirrors. If the changes caused by increased productiv
ity are due to intensified shoot competition illumina
tion should (at least partly) compensate for the effect 
of fertilizer. 

We present the results of studying early changes 
in grassland canopy fine-scale structure induced by 
fertilizing and additionally illuminating a species-rich 
calcareous wooded meadow community in western 
Estonia. 

Methods 

Study site 

The experiment was carried out in the Laelatu 
calcicolous wooded meadow in western Estonia, on the 
eastern coast of the Baltic Sea (58° 35' N, 23°'34' E). 

The plant community at the site has been assigned to 
th& Sesleria coerulea-Filipendula hexapetala associa
tion (Krall & Pork 1970). About 20 ha of the 153-ha 
meadow has been permanently mown for hay for more 
than 200 yr. It has a scattered tree layer with Quercus 
robur, Fraxinus excelsior, Betula spp. and Populus 
tremula as the most abundant species. The grassland 
community is extremely rich in vascular plant species at 
a small scale - the maximum niunber of species found 
was 25 in a 10 cm x 10 cm plot, 42 in a 20 cm X 20 cm 
plot (Kuli & Zobel 1991) and 68 in a 1-m2 plot (Kull & 
Zobel 1995). High species richness is characteristic 
only of this part of the meadow which has been mown 
permanently and not been fertilized. Fertilization is 
known to cause a rapid and severe decline of small-scale 
richness in the community (Kuli & Zobel 1991). 

Experimental design 

The experiment is based on a randomized factorial 
design. Three treatments, applied to 40 cm x 40 cm per
manent plots, are combined: (1) additional illumination 
with the help of vertical glass mirrors, (2) fertilization 
with NPK and microelements and (3) mowing. Each of 
the treatments has two levels (- +), and all the eight 
(2x2x2) possible treatment variants are in three repli
cates. Thus, 2x2x2x3 = 24 plots are studied alto
gether. In this paper only data from the 12 not-mown 
plots are used. 

The plots are fertilized with N (10 gm-2 yr1), 
P (4.2 g m~2 yr1), K (4.2 g nr2 yr1) and microelements 
twice a year, in late May and'late September. An area of 
1 m2 is fertilized, with the permanent plot situated in the 
center of the area, in order to avoid edge effects. 

Vertical glass minors (width 212 cm, height 124 cm, 
lower edge of the mirror being 20 cm from the ground) 
are used to increase the influx of light in illuminated 
plots. The mirrors face sOuth and reflect sunlight to the 
40 cm x 40 cm permanent plots for ca. 6 hr a day, in
creasing the illumination of the plots nearly twofold. 
Even under overcast conditions the light intensity in
creased by ca. 20 - 30 % (measured with a linear light 
meter). 

The treatment of additional illumination has the side 
additional effect of increasing temperature in the plant 
canopy, especially in bright sunlight. Measurements 
showed a temperature increase of 10- 22% in the 
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Fig. 1. The point quadrat sampling 
equipment is mounted on a frame 
alongside the permanent plot. A 
laser on a trolley moves along one 
axis. An extendable arm attached 
to the trolley and carrying a small 
rounded mirror, serves as the sec
ond axis. The coordinates of the 
point quadrat are read from the 
position of the laser trolley and the 
length of the mirror arm. 

upper layer of the canopy (measured in direct sunlight), 
the relative rise of temperature depending on wind speed. 
However, the possible effect of the 'wanner' mirco-
climate in illuminated plots will not be considered 
separately in this study. The main aim of the experi
ment was to see whether additional illumination could 
slow down the processes initiated by fertilization, i.e. 
processes leading to a decrease of diversity. If the 
increased temperature is harmful to some plant species 

(and they suffer or disappear from the plot) the power 
of refuting the null hypothesis of identical richness 
dynamics in fertilized and fertilized + illuminated plots 
will simply be decreased. It is most improbable that the 
rise of temperature would promote the establishment of 
new species in the plots with mirrors, so this effect can 
only be an additional noise factor, but is not likely to 
lead to false rejections of the null hypothesis. 

Fig. 2. The use of a mirror for addi
tional illumination, and a laser beam 
as point quadrat pin at three different 
angles to examine a 40 em x 40 cm 
permanent plot. 
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Fig. 3. Graph illustrating the way cover estimates depend on 
plant leave inclination in the case of the three angles of 
positioning the point quadrat beam. The Y-axis measures 
percent leave area visible from a certain angle of observation; 
the X-axis measures inclination of plant leaves from vertical 
(minus values indicate inclination towards the sun). The three 
curves are calculated as 
Y = l(sin(X+(90°-a))l, (1) 
where ais angle of the point quadrat beam (60°, 90° and 120°, 
respectively). 

Sampling methods 

The plots were examined twice a year (early July and 
early September). In this study data from the first season 
of the experiment (1994) are used. For technical reasons 
it was not possible to examine the plots before fertiliza
tion and establishment of the mirrors, the first sampling 
was performed 40 days after the first fertilization, and 
immediately after placing the mirrors. 

We did not expect significant effects of experimen
tal treatments on species richness during the first sam
pling season, so a complete floristic inventory of the 
plots was performed only at the first sampling date 
(July), 

Species composition andplant canopy structure were 
studied using the point quadrat method. We used a laser 
beam with a diameter of 1 mm instead of the usual metal 
pins to mark the point quadrats. The sampling las« is 
shown in Fig. 1. The beam was randomly positioned in 
the canopy at 50 points in each plot (coordinates of each 
point being selected randomly beforehand with a preci
sion of 1 mm), at three different angles - 60°, 90° and 
120° (Fig. 2). So, in total 150 point quadrats were 
investigated in each plot, on one sampling date. The 
positioning of the point quadrat beam at different an
gles makes it possible to learn about the mean orienta
tion (inclination) of plant leaves. If the mean number of 
touches is recorded at three different angles, the ap
proximate mean orientation of leaves can be assessed 
graphically (Fig. 3). 

In all investigated points the coordinates of the point 

quadrat and the number of touches of the beam by 
vascular plant species and litter (if positioned above 
green biomass at the particular angle), were recorded. In 
eight plots at the first sampling date (representing the 
eight possible treatment variants), and in the four non-
mown plots at the second sampling date, we identified 
plant species for each touch of green biomass by the 
point quadrat beam, and recorded the vertical sequence 
of the species. 

Statistical methods 

The effect of fertilization, illumination and time on 
the mean number of touches (of green biomass by the 
laser beam in a plot; from now on simply number of 
touches), was analysed using Repeated Measures 
ANOVA (within subjects design). The angle of the 
laser beam was included as an additional independent 
variable in the analysis. 

The degree of biomass aggregation in a plot was 
computed as the ratio of observed variance of the number 
of touches in a plot to the variance expected in the case 
of a random spatial distribution of biomass. The ex
pected variance was estimated by the mean of the ob
served numbers of touches in a plot (in the case of 
randomly distributed biomass the number of touches 
should be Poisson-distributed with the variance equal to 
the mean). 

The effects of experimental treatments, time and 
angle on the degree of biomass aggregation were also 
analysed using Repeated Measures ANOVA. 

Computation of the variance ratio statistic 

We were interested whether the variability of spe
cies richness at a point differs from what could be 
expected from the null hypothesis of random distribu
tion of species (variance deficit or excess; Palmer 1987; 
J.B. Wilson et al. 1987; Zobel & Zobel 1988), The ratio 
of observed and expected variances (variance ratio) 
served as the statistic of variance deficit or excess. 

We estimated the expected variance of the number of 
species at a point using a slightly more complicated 
randomization procedure than usual. First, to retain the 
observed spatial distribution of biomass in the null model, 
numbers of touches were determined beforehand in hy
pothetical point quadrats by selecting randomly with 
replacement from the pool of the 50 observed numbers of 
touches in the particular plot- at the particular angle and 
at the particular sampling date. Then, a species was 
assigned for each touch in each point quadrat. This was 
done by selecting randomly with replacement from the 
pool of all the registered touches in the studied 50 point 
quadrats. The number of species in each point quadrat 
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Fig. 4. Mean numbers of touches of green bjomass and litter, recorded in a point quadrat at different angles, treatments and sampling 
time. Each pair of box-whisker plots represents the mean number of touches in July (open plots) and September (shaded plots), 
respectively. The main effects of fertilization (p = 0.0437), angle (p = 0.0013) and sampling time (p < 0.0001) are significant. 

was then counted and the expected variance calculated. 
We added an additional random procedure to avoid 

bias in estimating the expected variance of richness at a 
certain point. In the case of counting species, touched by 
a point quadrat beam (pin), it is important to realize that 
richness can be severely overestimated in the null model 
by simply randomly selecting touches from the entire 
pool. For several species the probability that its particu
lar touch by the beam is accompanied by a touch of the 
same species (itself), can be much larger than the prob
ability of being accompanied by a touch of some other 
species - i.e. it is quite usual that a beam touches the 
same individual several times. If this is not considered 
in building the null model, it is likely that the expected 
mean number of species at a certain point would be 
much greater than observed in the randomized data, and 
hence the variance of richness, as proportional to the 
mean, would be systematically larger as well. 

To overcome this problem we estimated for all target 
species the empirical probability of: (1) being accompa
nied on a beam by a touch of a non-target species, and 
(2) the probability of being accompanied on a beam by a 
touch of the same species (itself). We used the whole 
dataset to estimate these probabilities. The probabilities 
were used in the randomization procedure only if they 
had been estimated on the basis of more than 10 obser
vations (otherwise the 0.5/0.5 ratio was used). 

In the randomization procedure the selected touch 
was approved only if a simultaneously generated ran

dom number (evenly distributed between 0 and 1) was 
smaller than a probability value, calculated according to 
the list of species, already selected for this hypothetical 
point quadrat (while selecting the first touch for a hypo
thetical quadrat, the whole procedure was naturally 
omitted). The already selected touches in the point 
quadrat could be (1) of the same species or (2) of some 
other species, than the touch under selection. As, each 
species had empirical probabilities of (1) co-occurring 
with itself and (2) co-occurring with some other species, 
calculated earlier, the probability for the selection pro
cedure was evaluated as the mean probability of co
occurrence, over all the touches already selected for the 
particular hypothetical quadrat. In the case of disap
proval of the selection (see above), the procedure was 
repeated until approval (note that the total number of 
touches in each hypothetical point quadrat was deter
mined beforehand, by selecting it randomly from the 
pool of observed numbers of touches). 

For a total of 36 datasets, representing treatment 
combination, time and angle - eight plots and three 
angles in the first sampling date, four plots and three 
angles in the second sampling date - we estimated the 
expected variance and calculated the variance ratio 
1000 times. In the case of more than 97.5 % of the trials 
providing a variance ratio smaller or greater than unity, 
we concluded that variance deficit/excess was signifi
cant (two-sided test, p = 0.05). 



230 Eek,L. & Zobel, K. 

2 
o 

S 
UJ 
g 
s 
CO 
CO 

o OQ 
u. 0 
UJ 
UJ 01 
O 
UJ Q 

Control Fertilizer 

Mirror Mirror +Fertilizer 

JULY SEPT. JULY SEPT. 

m ±Std. Dev. 
II! ±Std. Err. 
° Mean 

Fig. 5. Change of the degree of spatial aggregation of biomass (ratio of observed and expected variance of the number of touches in 
a point quadrat) with time in plots with different treatment. Main effect of sampling time is significant (p < 0.0001), so are the 
interactions fertilizer x time (p = 0.0353) and fertilizer x mirror (p = 0.0189). 

Results 

The mean number of touches per point quadrat in
creased significally (p < 0.0001) during the season in all 
plots (Fig. 4) As expected, fertilization also led to a 
significant increase of biomass density (p = 0.0437). 
The numbers of touches were significantly different 
when counted at different angles (60°, 90° and 120°). 
Fig. 4 shows that there were systematically fewer touches 
at 90°, compared to 60° and 120° (situation in fertilized 
+ illuminated plots in July is the exception here). Partly, 

this result is trivial, because the distance that a beam at 
angles 60° and 120° has to penetrate in the canopy is 
1.155 (= 1/cos 30°) times longer than a vertical beam. 
When this coefficient is applied to the results, it appears 
that biomass density was equal at all angles in July, in all 
plots except fertilized + illuminated ones. Such equality 
indicates that leaves did not have certain inclined orien
tation. Equal estimates of coverage at all three angles is 
not possible in the case of an inclination of leaves, it can 
be nearly equal when leaves are horizontal (Fig. 3). 
Consequently, in July leaves were either horizontal or 

Fig. 6. Expected variance of rich
ness at a point (predicted from the 
null model stating the independent 
distribution of species), plotted 
against the observed variance of 
touches recorded in a point quadrat. 
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Fig. 7. Relationship between 
the variance ratio (observed/ 
expected variance of rich
ness at a point) and the de
gree of biomass aggregation 
(observed/expected vari
ance of number of touches 
at a point). 
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strongly curved (a round object would have identical 
projections on surfaces with any orientation). In ferti
lized plots with mirrors the density of biomass was the 
lowest, when observed at 60° (angle of the sun), at the 
first sampling date. It means that leaves tended to be 
inclined towards the sun (Fig. 3). By September the 
biomass density in all investigated plots was greater at 
60° and 120°, compared to 90°. This shows that most 
of the leaves tended to be more or less vertically 
orientated. It is obvious from Fig. 3 that if point 
quadrats, positioned at angles 60° and 120°, provide 
systematically larger numbers of touches than verti
cally positioned point quadrats, it can only indicate the 
mean inclination of leaves from vertical being less 
than 15° towards the North or South (of course, the 
latter will be true only if the inevitably greater number 
of touches in an inclined point quadrat is taken into 
account). 

There were only minor (non-significant) seasonal 
changes in the degree of biomass aggregation in con
trol plots and in plots with only additional illumination 
(Fig. 5). Fertilization, if applied alone, increased sig
nificantly the degree of biomass aggregation (fertiliza
tion x time interaction term significant at p = 0.0353, 
fertilization x mirror interaction term significant at p 
= 0.0189). In fertilized plots without mirrors the rather 
homogeneous spatial distribution of green biomass, 
observed in the beginning of the experiment, had de
veloped into a pattern, consisting of spots with high 
biomass density (thickets) and spots with little biomass 
(openings). When illumination and fertilization are 
combined, seasonal increases in biomass aggregation 
can no longer be seen. Additional illumination has 
compensated for the effect of fertilizer — the changes 
were even smaller than in control plots or in plots with 
mirrors only (Fig. 5). 

The results of computing the variance ratio statistic 
for the 36 datasets (see methods) are challenging to 
interpret. First, all the estimates of the variance ratio 
indicated variance deficit. The expected variance of 
richness was always greater than the observed variance. 
Second, it appeared that the expected variance of rich
ness at a point was almost exactly predictable from the 
variance of the number of touches (Fig. 6). It means that 
in the null model the number of species expected in a 
point quadrat mostly depended on the density of biomass, 
at this point. Consequently, there should also exist a 
strong correlation between the degree of biomass aggre
gation and the variance ratio (first of these two statistics 
includes variance of the number of touches at a point, 
second includes expected variance of richness). There 
was a strong relationship between these variables (Fig. 7). 

The above-mentioned relationships help to interpet 
the results concerning the seasonal change of the vari
ance ratio, as related to the applied experimental treat
ments (Fig. 8). Fertilization, as well as illumination, if 
applied alone, caused a considerable decrease in vari
ance ratio. In fertilized only plots this must be because 
of the increase of biomass aggregation (see Figs. 5 and 6). 
At the same time, in illuminated only plots, where biomass 
aggregation did not change seasonally (Fig. 5) the de
crease of variance ratio should be due to a smaller ob
served variance of richness. When the treatments were 
applied simultaneously, the seasonal change of variance 
ratio was negligible and comparable to that in control 
plots. It means that neither the observed variance of 
richness, nor the expected variance of richness (biomass 
aggregation, see Figs. 5 and 6), changed in time. 

Owing to the uncertain explanatory value of the 
variance ratio statistic, neither the p-values for the vari
ance ratio, nor the results of applying ANOVA to the 
variance ratio, are referred to in this paper. 

11 
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Fig. 8. Change in variance ratio (observed/expected variance of richness at a point) with time in plots with different treatments. 

Discussion 

The results of studying the orientation of plant leaves 
in experimental plots were unexpected. Generally, there 
was no evidence of any orientation being preferred by 
the leaves, except that the nearly vertical position pre
vailed at the second sampling date (Figs. 3 and 4). There 
was an indication of leaves being inclined towards the 
sun in fertilized plots with mirrors at the first sampling 
date. As the minors had just been established at this 
time, this could be an early reaction Of plants to the 
'second sun'. However, in September there was no 
evidence for an effect of additional illumination on plant 
leaf orientation. Assuming that there could be some 
light deficit in the lower canopy layers of fertilized non-
illuminated plots by September, one may conclude that 
either (1) the morphological flexibility of grassland 
plants is too small for quickly orientating their leaves for 
the best capture of light, or (2) orientation of leaves for 
catching direct sunlight is not an effective strategy for 
plants in the lower canopy layer. 

One of the main interests in this study was the 
detection of changes in plant canopy structure, induced 
by fertilization, and indicating processes; which in the 
long run would cause a decrease in diversity. If compe
tition for light is responsible for diversity decrease, it 
would be logical to expect an increased spatial aggre
gation of biomass as an early reaction to fertilization. 
The reason why shoot competition may easily lead to 

competitive exclusion of species lies in its asymmetric 
nature - a small initial advantage allows a stem to 
capture a disproportionally great amount of resources 
and vice versa (Weiner 1990; Bengtsson et al. 1994). 
Thus, species capable of rapid resource uptake and 
having a higher growth potential, would be expected to 
rapidly improve their position in the canopy, while 
subordinate species are even more suppressed (shaded). 
Results from this experiment support this view. In ferti
lized plots there was a significant increase of biomass 
aggregation (Fig. 5). However, additional illumination 
completely eliminated this process, so the more aggre
gated spatial distribution of biomass must have been a 
result of competition for light. Increased light resource 
has prevented the uneven development of c anopy-form
ing species in fertilized plots. This result is encouraging, 
considering the long-term objective of the experiment. 

The early changes of plant canopy structure with 
above- and below-ground resource addition support the 
view that one of the main forces which lead to ä reduced 
number of species, as compared to the entire set of 
potential inhabitants (species pool; Taylor et al. 1990; 
Pärtel et al. 1996) is competition for light (Zobel 1992; 
Bengtsson et al. 1994). 

The variance ratio statistic (Palmer 1987; J.B. Wilson 
et al. 1987) was calculated for data sets as a potential 
indicator of seasonal changes in the spatial organization 
of multi-species canopy.. Variance deficit, as compared to 
null model prediction, has been considered evidence of 
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negative associations among species (Zobel & Zobel 
1988; Palmer 1987), nucleation (Zobel et al. 1993) or 
niche limitation (saturation of community by species; 
J.B. Wilson et al. 1987; J.B. Wilson & Sykes 1988; 
Wätkins & Wilson 1992; Zobel et al, 1993). As pointed 
out by Palmer & van der Maarel (1995; van der Maarel 
et al. 1995) and J.B. Wilson (1995) there can also be 
other reasons for variance deficit, e.g. limitation to the 
number of plant individuals that can coexist in a quadrat. 
To overcome this problem we designed a null model 
where the distribution of the number of plant modules in 
point quadrats was the same as in the empirical data. We 
also corrected die null model to cope with a certain kind 
of spatial dependence arising from morphological fea
tures of species (one individual may be recorded several 
times in a point quadrat). However, our results showed 
that Strong variance deficit could be a direct reflection of 
an increased degree of biomass spatial aggregation, 
caused by a variable ability of resource capture by 
species. The null model prediction of variance in rich
ness depended strongly and positively on relative vari
ance of the number of plant modules in a quadrat (Fig. 
6), making the observed decrease of variance ratio in 
fertilized non-illuminated quadrats (Fig. 8) merely an 
indication of the uneven growth of species during the 
season. J.B; Wilson & Gitay (1995) have sought evi
dence for competitive interactions in a low variance of 
total quadrat biomass. Our results showed, in contrast, 
that intensified shoot competition and deficit in vari
ance of richness, could be explained by an increased 
variance of total quadrat biomass (degree of biomass 
aggregation). 

The seasonal decrease in variance ratio in illumi
nated, non-fertilized plots cannot be explained by the 
increased biomass aggregation (Figs. 5 and 8). Richness 
has become less variable in space, with variance of the 
number of plant modules at a point still being close to 
random expectation. It is very difficult to interpret such a 
phenomenon in the framework of the existing theoretical 
approaches: how could niche limitation be caused by 
increased light resource? More likely, the variance deficit 
here is an indication of amore uniform use of space in the 
canopy - the abundance of light may have reduced the 
importance of local shading and made it easier for species 
with different morphology to coexist at a point. In those 
illuminated plots where nutrients were added and the 
canopy was more dense, the status quo, observed in 
control plots, has been retained (Figs. 5 and 8). 
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We examined the changes of species-rich herbaceous community canopy structure 
and species diversity in a five-year field experiment. Above- and below-ground 
resource addition (fertilization and additional illumination with the help of mirrors) 
and cessation of annual mowing were applied as experimental treatments in 24 
permanent plots of 40 x 40 cm. Canopy structure was studied by point quadrat 
sampling using laser beam to randomly position point quadrats at two different 
angles of observation - 60° and 120° from horizontal, north-south direction. We 
hypothezised that the studied plant community is not light-limited under the normal 
conditions (non-fertilized and annually mown) but would become light-limited after 
nutrient addition and/or cessation of mowing. In this case the effect of fertilization 
and cessation of mowing could be mitigated by introducing additional light resource 
(placing south-facing mirrors). 
Species richness in plots was not significantly altered by experimental treatments, 
most probably because of a strong input of species from surrounding areas by the 
means of lateral vegetative spread, compensating for the expected decrease of 
diversity with fertilization and cessation of mowing. Surprisingly, plant total coverage 
in a plot was the only variable significantly explaining plot richness, independent of 
experimental treatments and the year of observation. We therefore studied also 
species richness per unit coverage (standardized richness) which appeared to be 
significantly reduced by fertilization. Annual change of plant total coverage of a plot 
was good predictor of annual change of plot richness, except for the exceptionally dry 
period (1994-1995). There was no indication of light being limiting for the plants in 
control plots, but light obviously became limiting after nutrient addition - in 
fertilized plots additional illumination lead to a notably denser canopy. Generally, 
the average exposition of plant leaves surface was towards the north, independent of 
experimental treatments. However, in the exceptionally cloudy and cool year 1996 the 
situation was radically different - leaves were exposed predominantly towards the 
south, indicating that multi-species canopy can plastically react to long-term changes 
in light availability. 

L, Eek and K, Zobel (correspondence: kzobel@ut.ee), Dept of Botany, Tartu Univ., 40 
Lai St., EE'51005 Tartu, Estonia. 

It is widely acknowledged that light is a major determi
nant of plant community structure (Wilson 1988, 
Tilman 1990, 1993, Bengtsson et al. 1994, Grace and 
Pugesek 1997, Kleijn and Van der Voort 1997) and the 
intensity of light competition is positively related to 
productivity (Wilson 1988, Wilson and Tilman 1993). 
However, it is not clear, what exactly is the relative 

importance of light (vs nutrient) competition in com
munity change. 

Light competition has been considered important 
even in low swards (Mitchley and Willems 1995), occur-
ing immediately after plants are high enough to shade 
each other. Evidently, the better is nutrient availability, 
the faster and higher the plants will grow and the less 
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equally will light be distributed in the canopy (Willems 
1983, Hirose and Werger 1995). Apparent from many 
experiments, fertilization tends to lead to a decrease in 
species richness (Gurevich and Unnasch 1989, Kull and 
Zobel 1991, Tilman 1993, Tilman and Päcala 1993, 
Willems et al. 1993) as inferior competitors are likely to 
be excluded from such communities due to intensified 
competition, especially asymmetric light competition. 

If light competition is equalized and insufficiency of 
light in lower levels of canopy is mitigated, then inferior 
light competitors will not be outcompeted (Piper 1995). 
This is obvious in several biomass removal experiments 
where plant individuals have been kept in the same size 
by physically preventing species from having opportu
nity to dominate (Gibson et al. 1987, Kull and Zobel 
1991, Jonsson 1995, Mitchley and Willems 1995, Ryser 
et al. 1995, Güsewell et al. 1998, Pröulx and Mazumder 
1998). Moderate biomass removal, especially in fertile 
sites, has another important effect on plant canopy 
structure, connected to the removal of dead parts of 
plants. Low litter biomass has been considered to be a 
factor favouring higher species richness (Day et al. 
1988, Tilman 1993, Foster and Gross 1998) at least 
partly due to resulting better light conditions, although 
other reasons have also been suggested (e.g. litter re
moval has been shown to enhance seed germination, 
Tilman 1993). Beside biomass removal (e.g. grazing or 
mowing) and decreased nutrient availability the only 
way of improving light availability in the canopy is 
additional illumination. The latter is also the only 
method of adding the light resource to lower canopy 
layers without physically disturbing the community 
(Eek and Zobel 1997). 

An important feature affecting the light climate in a 
canopy is foliage inclination. Inclination of plant leaves 
has been shown to change in response to several envi
ronmental variables (light availability, water and tem
perature regime, etc.), in order to optimize the 
effectiveness of resource capture and avoid photoinhibi-
tion (Ehleringer and Forseth 1989, Tappeiner and Cer-
nusca 1989). In case of complete light interception the 
mean inclination of grass leaves is reported to vary 
mainly between 60°-90°, south-north direction (i.e. leaf 
surfaces tend to be exposed towards the north, Cooper 
et al. 1970). However, there are practically no informa
tion available on how plastically does the mean inclina
tion of plant leaves in a multi-species grassland canopy 
respond to certain changes in light availability (e.g. 
seasonal, year-to-year, successional, experimentally in
duced changes). 

In 1994 we established a field experiment in a species-
rich wooded meadow to study the relative importance 
of above- and below-ground competitive processes in 
determining small-scale canopy structure (incl. mean 
leaf inclination) and diversity pattern. Initially we as
sumed that intensified competition for light is the main 
mechanism responsible for the decrease in diversity in 

these parts of the grassland where mowing had been 
ceased or where nutrients had been added (Kull and 
Zobel 1991). Thus, we hypothesized that additional 
illumination of the canopy could be applied to mitigate 
the effect of fertilization and cessation of mowing (Eek 
and Zobel 1997, Liira and Zobel 2000, Urbas and 
Zobel 2000); In this paper we shall present the results 
from this experiment obtained after manipulating vege
tation in permanent plots with additional illumination 
(with the help of mirrors), fertilization and cessation of 
annual mowing for four years. We shall mainly concen
trate on seeking evidence for the following working 
hypotheses: 1) in the studied annually mown grassland 
light normally does not limit above-ground productiv
ity and shoot competition is not an important force in 
small-scale diversity pattern formation; 2) in the case of 
nutrient addition and/or cessation of annual mowing 
light may become limiting for canopy productivity and 
competition for light an important determinant of di
versity; 3) additional light resource, if provided, would 
mitigate the effects of fertilizer and cessation of mowing 
by making competition for light less intense; 4) given 
species richness per unit area is known to depend on 
plant ramet density (Zobel and Liira 1997), and given 
plots manipulated with fertilization are expected to 
develop denser vegetation (more ramets and higher 
coverage), richness per unit coverage could be a diver
sity measure more sensitive to experimental manipula
tions than richness per unit area. 5) Mean foliage 
inclination, depending on radiation intensity and other 
various environmental factors (Ehleringer and Forseth 
1989, Tappeiner and Cernusca 1989) might be used as 
complex characteristic of light conditions and microcli
mate in the grassland canopy (as manipulated by exper
imental treatments and subject to year-to-year climatic 
variation). 

Methods 

Study site 

The experimental site is situated in the Laelatu wooded 
meadow on the eastern coast of Baltic sea, in western 
Estonia. 

The plant community of the meadow has been as
signed to the Sesleria coerulea ~ Filipendula hexapetala 
association (Krall and Pork 1970). There is a scattered 
tree layer with Quercus robur, Fraxinus excelsior, Betula 
spp. and Populus tremula as the most abundant species, 
average coverage of tree canopy being ca 20%. It has 
been permanently cut for hay for > 200 yr. The total 
area of the meadow is 153 ha, but only ca 20 ha has 
been annually mown. 

This ecosystem is extremely rich in vascular plant 
species at a small scale - the maximum number of 
species found is 25 in a 10 x 10 cm plot, 42 in a 20 x 20 
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Table 1. The number of sunshine hours per month (measured 
with heliotrop), mean monthly air temperature (#Q and 
monthly precipitation (mm) during the growing season in the 
five years of experiment (measured by Estonian Inst, of Mete
orology and Hydrology in Virtsu observatory, 3 km from 
experimental site). Data on the exceptionally dark, cool and 
dry years are in boldface. 

The number of sunshine hours per month 

May June July Total 

1994 339 303 439 1081 
1995 252 315 .372 939 
1996 206 270 269 745 
1997 284 295 364 943 
1998 307 241 276 826 

Meaii monthly air temperature (°C) . 

May June July Mean 

1994 9.0 12.5 19.5 13.7 
1995 9.8 16.9 16.6 14.4 
1996 9.1 13.3 15.4 12.6 
1997 8.4 16.2 18.9 14.5 
1998 10.5 14.7 16.0 13.7 

Monthly precipitation (mm) 

May. June. July Total 

1994 29.0 62.0 3.0 94.0 
1995 57.3 87.3 59.9 204.5 
1996 59.2 28.6 86.8 174.6 
1997 56.2 93.1 70.2 219.5 
1998 38.4 78,2 60.6 177.2 

cm plot (Kull and Zobel 1991) and 68 in a 1 m2 plot 
(Kull and Zobel 1995). The high species richness is 
found only in the annually mown part of the 
meadow. In the case of cessation of mowing tallisr 
and faster growing species would overtop lower and 
slower-growing ones, and as a result weaker light 
competitors would be outcompeted and species rich
ness would decrease sharply (Kull and Zobel 1991, 
Jonsson 1995, Ryser et al. 1995). 

Data on some climate characteristics at the experi
mental site (number of sunshine hours per month, 
mean monthly air temperature, monthly precipita
tion), in the growing seasons of 1994 by 1998, are 
presented in Table 1. 

Experimental design 

The experiment had a randomized factorial design. 
Three treatments applied to 40 x 40 cm permanent 
plots were combined: 1) additional illumination with 
the help of vertical glass mirrors, 2) fertilization with 
NPK and microelements and 3) mowing. Each treat
ment had two levels (— +•), and all the eight (2 x 
2 x 2) possible treatment variants were in three 
replicates. Thus, (2 x 2x2x3) 24 plots were studied 
altogether. 

The plots were fertilized with N (10 g m-2 yr-1)» 
P (4.2'gm-2 yr-1)» K (4.2 g m-2 yr-1) and mi-
croelehients twice a year, in early May and in late 
September. The plots were mown in mid-July. Fertil
ization and cessation of mowing were applied to an 
area of 1 m2, with permanent plot situated in the 
center of the area, in order to avoid edge effects. 

Vertical glass mirrofs (width 212 cm, height 124 
cm, lower edge of the mirror being ŽÖ cm from the 
ground) Were used to increase, the amount of photc-
synthetically active radiation (PAR). The mirrors 
facöd south and reflected sunlight to the permanent 
plots for ca 6 h a day; The intensity of PAR was 
measiired during sunny days at ca 12 AM-1 PM in 
3-6 July 1998 using linear light meter LicOr LI-250. 
and Quantum Sensor Licor LI:191SA (light sensitive 
area 100 x 1 cm), temperature was measured at mid
day in 3 July; Light interception in the grassland 
canopy was measured at different heights with 5 cm 
intervals up to 35 cm from the ground level. At each 
level measurements were repeated twice. Temperature 
inside the canopy was also measured at the same 
height intervals, but in four replicates. In Table 2 
data on fertilized and mown plots from. 3 different 
canopy levels is presented to demonstrate that the 
applied additional illumination increased light inten
sity considerably even under a dense and compara
tively high canopy (measurements were done just 
before annual mowing). One can see that the mirrors 
increased the level of illumination in lower canopy 
layers approximately twofold. 

The temperature gradient was not that sharp. The 
highest temperature, was observed in the intermediate 
canopy layers in plots with mirrors. Direct radiation 
appears not to be the most important determinant of 
temperature regime in the canopy. 

Table 2. Average values of relative PAR intensity and temperature (°C) in illuminated and non-illuminated plots, Values of light 
are expressed relative to those measured above the canopies of non-illuminated plots (= 1,0, boldface). 

Height of measurement (cm, from ground level) Without mirror With mirror Height of measurement (cm, from ground level) 

Light Temperature (°C) Light Temperature (°C) 

5 0.1 26.4 0:22 29.7 
15 0.45 26.8 0.67 32.1 
35 1.0 24.1 1.65 28.4 
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Sampung methods 

The plots were examined in the end of June and 
beginning of July during 5 yr (1994-1998). 

The point quadrat method was applied to examine 
canopy spatial structure. This method is known as 
effective, speedy and non-destructive way to study plant 
canopy (Jonasson 1983, Floyd and Anderson 1987,. 
Mitchley and Willems 1995). A laser beam with the 
diameter of 1 mm Was used to mark the point quadrats. 
The beam was positioned in the canopy randomly at 50 
points in each plot at two different angles - 60° and 
120° from horizontal, south-north direction - in order 
to be able, to roughly assess the mean orientation of 
leaves along south-north direction (see Fig. 3 in Eek 
and Zobel 1997). Thus, altogether 100 point quadrats 
were investigated in each 40 x 40 cm plot. At this the 
angle of the point quadrat beam 60° meant inclination 
towards the south (the angle approximating the mean 
angle of incoming direct PAR around noon) and the 
angle 120° meant inclination of the point quadrat beam 
towards the north. Prior to observations the coordi
nates of the point quadrats were determined using 
random number generator, with the precision of 1 mm 
(for more details see Eek and Zobel 1997). 

In each investigated point the coordinates of the 
point quadrat and the number of touches per beam by 
vascular plant species and litter (if positioned above 
green biomass), were recorded, 

Additionally, in all plots all vascular plant species 
were recorded and percent coverage estimated visually. 
The total coverage was calculated as the sum over all 
vascular plant species. 

Statistical methods 

The dynamics of plant canopy spatial structure was 
analysed using Repeated Measures ANOVA 
(ANOVAR). The number of touches of vascular plants 
per point quadrat beam (hereafter number of touches) 
was regarded as dependent variable, Experimental 
treatments (fertilization, illumination and mowing -
hereafter FERT, ILLUM and MOWING), angle of 
point, quadrat beam (60° and 120°, ANGLE) and time 
(1994-98, TIME) served as fixed independent variables. 
The random factor PLOT (denoting the three replicate 
permanent plots) was included as additional indepen
dent variable, nested within the three experimental 
treatments. 

The relationship between species richness in a plot 
(S) and total plant coverage (C, calculated as the sum 
of visually estimated coverage over all species) as well 
as the relationship between annual changes of these 
variables was analyzed using linear regression analysis. 

Given species richness in a plot was significantly 
positively related to total plant coverage in the same 

Table 3. The effect öf fertilization (FERT), additiobalillumi-
natiori (ILLUM), mowing (MOWING), Jfthgle,y&-"jöÖint 
quadrat beam (60° and 120", ANGLE) and time-(1994^1998, 
TIME) on the number of touches of vascular plants per point 
quadrat, analysed with repeated measures ANOVA. Experi
mental plot (PLOT) was included in the model as an addi
tional random independent variable, nested within the three 
experimental treatments. None of the interactions among 
three or more factors were significant and these are not 
shown. * = p<0.05. 

Factor DF F-value p-value 

PLOT 16,2352 13.3180 0.0000* 
ILLUM 1,16 0.1721 0,6838 
FERT 1,16 221.3583 0.0000* 
MOWING 1,16 0.0005 0.9820 
ANGLE 1,16 4.6674 0.0463* 
TIME 4,64 29.5606 0.0000* " 
ILLUM x FERT 1,16 8.5783 0.0098* 
ILLUM x MOWING 1,16 0.1213 0.7321 
FERT x MOWING 1,16 4.6705 0.0452* 
ILLUM x ANGLE 1,16 0.9516 0.3438 
PLOT x ANGLE 16,2352 19.6479 0.0000* 
FERT x ANGLE 1,16 1.3509 0.2622 
MOWING x ANGLE 1,16 0.5753 0.4592 
PLOT x TIME 64,9408 6.4166 0.0000* 
ILLUM x TIME 4,64 4.5073 0.0029* 
FERT x TIME 4,64 16.1021 0.0000* . 
MOWING x TIME 4,64 2.6975 0.0383* 
ANGLE x TIME 4,64 10.7860 0.0000* 

plot, and given the latter could possibly shade the 
presumable relationships among species richness and 
experimental treatments, it occurred reasonable to mea
sure richness also per unit coverage. Therefore, stan
dardized richness was estimated for each plot: 
Sst = S/C. 

ANOVAR was used to study theeffect of experimen
tal treatments (FERT, ILLUM and MOWING) and 
TIME on standardized species richness. All statistical 
procedures were performed using STATISTICA 6.0 
software. 

Results 

Number of touches 

The highest number of touches of vascular plants per 
point quadrat beam was observed in plots with the 
highest resource levels - in fertilized plots with mirrors. 
As expected, fertilization increased significantly the 
number of touches whenever applied (main effect of 
FERT significant at p< 0.0001, Table 3), Additional 
illumination alone had no effect (main effect of IL
LUM non-significant at p = 0.6838, Table 3:), but in 
fertilized plots it obviously smoothed the presumably 
intensified light competition by providing more light to 
lower canopy levels (interaction ILLUM x FERT sig
nificant at p = 0.0098, Fig. 1, Table 3). Somewhat 
surprisingly, mowing did not affect the number of 
touches per point quadrat beam (main effect of MOW
ING non-significant at p = 0.9820, Table 3). 
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Fig. 1. Mean number of touches per point quadrat beam (and 
standard errors) in plots with different fertilization and illumi
nation treatments (Fert - fertilization, Ilium - additional 
illumination). The interaction between illumination and fertil
ization is significant at p = 0.0129. 

There was an overall significant effect of sampling 
year on canopy density (main effect of TIME signifi
cant at p < 0.0001, Table 3), indicating that the years of 
experiment differed greatly in above-ground productiv
ity, Also, the relative effect of fertilization on canopy 
density changed in time (interaction FERT x TIME 
significant at p < 0.0001, Table 3). 

Comparing number of touches at different angles 
(60° and 120°) it was obvious that leaves generally 
tended to be exposed towards the North (i.e. there were 
more touches at 120°; main effect of ANGLE signifi
cant at p = 0.0463, Table 3). However, in 1996 a steep 
decrease appeared in the number of touches at 120°. In 
this particular summer the highest number of touches 
was found at 60° - i.e. leaves were predominantly 
exposed to the sun (interaction ANGLE x TIME sig
nificant at p< 0.0001, Fig. 2, Table 3). This phe
nomenon was obvious in all plots, independent of 

60 degrees 
120 degrees 

Year 

Fig. 2. Mean number of touches per point quadrat beam (and 
standard errors) at different angles of observation in different 
years. The angles 60° and 120° denote inclination from hori
zontal of the point quadrat beam, in a N-S direction. 60° 
means inclination of point quadrat beam towards the. sun; 
120°, towards the north. The interaction between angle of 
observation and time (year of observation) is significant at 
p< 0.0001. 

0 20 40 60 80 100 120 140 160 180 

Total coverage 

Fig. 3. Relationship between species richness in a plot and 
total plant coverage in the same plot. Data from 5 yr of 
observation are pooled. 

treatments. It can be explained with the fact that the 
year 1996 was extremely cool and cloudy when com
pared to the remaining years (Table 1). Most probably 
plants did not get enough light and leaves had orien
tated to direction of sun (60°) to absorb more PAR. 

Species richness 

There was a significant and positive relationship be
tween species richness in plots and total coverage of 
plants (Fig. 3, p = 0.0017). 

Also, annual changes of species richness in a plot 
were significantly and positively related to annual 
changes in plant total coverage in the same plot (Fig. 4, 
p = 0.0001). The first year of the experiment was the 
exception here - change in species richness 1994-1995 
was unrelated to change in coverage. 

Standardized species richness (Sst) was significantly 
smaller in fertilized plots (Table 4, FERT significant at 
p < 0.0001). 

p=0.0001 

D <5^D a 

• year * 199* 
• year >1994 

-80 -60 -40 -20 0 20 40 60 80 

Annual change of coverage 

Fig. 4. Annual change of species richness in a permanent plot 
plotted against annual change of total plant coverage in the 
same plot. Changes from the exceptionally dry period (1994— 
1995) are marked with filled symbols. Data from the remaining 
4 yr of the experiment is pooled (open symbols). Regression 
line is drawn for the last 4 yr. 
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Table 4. The effects of fertilization (FERT), additional illumi
nation (ILLUM), mowing (MOWING) syid time (1994-1998, 
TIME) on standardized species richness (species richness in 
experimental pldt per ünit coverage of vascular plants in that 
plot), analysed with repeated measures ANOVA. None of the 
interactions among three or more factors were significant and 
these are not shown. * = p<0.05. 

Factor DF F-value, p-value 

FERT 1,16 39.42971 o.oooo* 
ILLUM 1,16 1.2091-3 0.2878 
MOWING 1,16 0.01627 0.9001 
TIME 4,64 78.00124 0.0000* 
FERT x ILLUM 1,16 1,07900 0.3144 
FERT x MOWING 1,16 2.50998 0.1327 
ILLUM x MOWING 1,16 2.81918 0,1126 
FERT x TIME 4,64 1.73915 0.1523 
ILLUM x TIME 4,64 0.77913 0.5429 
MOWING x TIME 4,64 2.19136 0.0799 

Discussion 

The results of studying vascular plant touches per point 
quadrat beam and inclination of leaves generally sup
ported our working hypothesis (1). Light does not seem 
to be the limiting resource under normal conditions -
additional illumination, when applied as the single 
treatment, caused no significant increase in canopy 
density, measured as number of vascular plant touches 
per point quadrat beam. One has to note here that 
neither did additional illumination have apparent harm
ful effect on productivity. The considerable rise of 
radiation intensity and the notable rise of temperature 
in the case of direct sunshine (by >60% and by 
10-20%, respectively, see Table 2) has not led to a 
significantly sparser canopy in additionally illuminated 
plots. As expected, fertilization led to a significant 
increase in canopy density. 

Also, there, was evidence, supporting the second and 
third working hypotheses (2, 3), stating that light would 
become limiting after nutrient addition, and that Addi
tional illumination would mitigate this effect, respec
tively. There was a clear indication that plants were not 
able to make entire use of the extra nutrients in these 
plots which were not additionally illuminated - the 
densest canopies were found in fertilized plots with 
mirrors. Assuming that light being the limiting resource 
also means intensified competition for light, one could 
speculate that additional illumination most probably 
mitigated this effect of nutrient addition as well. Thus, 
given light competition has been responsible'for the 
decrease of diversity, observed earlier in the fertilized 
parts of the Laelatu meadow, we have a basis for 
expecting a slower decline of diversity in fertilized + il
luminated plots, when compared to only fertilized ones. 

Surprisingly, we could not detect any change in spe
cies richness due to experimental treatments, though a 
sharp decrease in species richness due to fertilization 
and cessation of mowing had been recorded in the same 

meadow earlier (Kull and Zobel 1991). Most probably 
we failed to affect richness in permanent plots because 
of the quite small areas manipulated with experimental 
treatments (only 1 m2). The invasion of species from 
surrounding areas through lateral vegetative spread and 
propagule input (mass effect) might have been as in
tense as to compensate the probable competitive extinc
tion of certain species. Mostly, ingrowing rhizomes and 
stolons should be considered responsible for the mass 
effect here - in Laelatu meadow vegetative regenera
tion is prevailing and regeneration from seeds is obvi
ously not so important (Kalamees and Zobel unpubl.). 

It is quite logical to assume that if competition for 
light is not determining small-scale diversity pattern 
(light is not limiting the productivity of species) richness 
in a. plot will depend positively on number of ramets 
inhabiting the plot (Oksanen 1996, Zobel and Liira 
1997) and, consequently; on canopy density in the plot: 
Thus, assuming also that in early phases of the experi
ment nutrient addition could cause the formation of ä 
denser canopy without light starting to limit productiv
ity, we hypothesized that richness per unit coverage 
would be a more sensitive measure of richness than just 
the number of species in a plot (4). The first step in 
testing this hypothesis was to check whether the as
sumption on richness-canopy density relationship 
holds. To some surprise, especially, given we still ex
pected a decline of diversity with increasing plant cov
erage in fertilized and/or non-mown plots, species 
richness and total coverage of plants occurred to ex
hibit a significant positive correlation over all treatment 
variants, over all years of the experiment. Also, year-to-
year changes in plot richness could be predicted from 
year-to-year changes in total coverage (significant posi
tive correlation). The first year of experiment was the 
exception here - change of richness 1994-1995 was not 
correlated with change of total coverage 1994-1995. 
This possibly reflects the consequences of the severe 
drought during the first year of the experiment (1994, 
Table 1) - in the following year (1995) richness in a 
plot evidently depended mostly on the drought-toler
ance of the particular species inhabiting the plot in 
1994. Positive correlation between' species richness and 
plant density per constant area has been shown before 
on a broad gradient of community productivity and 
small-scale diversity (Zobel and Liira 1997) and in 
artificial communities with experimentally manipulated 
plant density (Goldberg and Estabrook 1998). How
ever, as far as we know, no such relationship has been 
detected inside a more or less ecologically homogenous 
(semi-) natural grassland community with nutrients and 
light manipulated, i.e. there is no data available in the 
literature demonstrating small-scale richness positively 
depending on canopy density in the particular mi-
crosite. It is important to note here that though fertil
ized plots generally carried a denser canopy, the 
mentioned relationship did not yield in fertilized plots 
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being significantly more species-rich. The overall vari
ability of richness äs well äs canopy coverage were as 
great as to shade the possible effects of experimental 
treatments on the richness-coverage relationship. Our 
results somewhat contradict several previous experi
ments where fertilization has lead to decreasing species 
density with increasing canopy density (e.g. Pasternak-
Kusmierska 1992, Gough and Grace 1998, but see' 
Huberty et al. 1998). 

The overall positive relationship between plot rich
ness and canopy coverage encouraged to use standard
ized richness Srt for detecting the effects of experimental 
treatments on diversity. Unfortunately, we failed to 
achieve evidence on competition for light being the key 
factor in diversity formation. Although nutrient addi
tion led to a decrease in richness per unit coverage, 
there was no indication of additional illumination miti
gating this effect. Neither did cessation of mowing 
affect Sst significantly. 

Our fifth working hypothesis (5) was concerned with 
the ability of grassland plants to respond to changes in 
light availability by adjusting the mean inclination of 
leaves. We could not detect any changes in mean leaf 
inclination as a response to experimental treatments. 
However, there was strong indication that the general 
orientation of leaves of herbaceous species depends on 
the climatic conditions prevailing during the growing 
season. In more or less sunny "ordinary" years (in bur 
experiment 1994, 1995, 1997, 1998, Table .1) the orien
tation of leaves was similar to what has been reported 
in earlier studies (e.g. Cooper et al; 1970) - leaves were 
predominantly inclined towards the sun, exposing their 
surfaces towards the north. In the exceptionally cool 
and cloudy year (1996, Table 1) the situation was 
strikingly different, independent of the experimental 
treatment (Fig, 2) - then the prevailing inclination of 
leaves was towards the north, i.e. leaf surfaces were 
mostly exposed to the south. Plants apparently showed 
considerable plasticity by orientating their photosyn-
thetic surface to the direction of sun to absorb more 
PAR. To our knowledge this is the first clear evident 
showing that mean leaf inclination in a multi-species 
herbaceous community can respond plastically to year-
to-year changes in light availability during the growing 
season. 
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Abstract 

Relationship between leaf orientation in natural or semi-natural herbaceous communi
ties and the local abundance of direct light has rarely been investigated. We present evi
dence from a permanent plot experiment that seasonal direct light availability in 
40x40 cm plots significantly affects mean leaf orientation in a semi-natural wooded 
meadow. In sunny years and in well-illuminated conditions the leaf surface is exposed 
predominantly to the North, and vice versa. Two groups of species are responsible for 
such a response: of the variation in leaf orientation 41% is explainable through direct 
light availability for light-demanding species, and 26% for graminoid species. In shade-
tolerant species and in forbs there is no sign of a regression between leaf orientation and 
direct light abundance. Ability to plastically react to variation in seasonal and local di
rect light availability appears to be a trait under considerable selective pressure only in 
light-demanding plants, and more characteristic to species with graminoid growth form. 

Introduction 

Mean foliage inclination and mean leaf azimuth orientation in herbaceous multi-species 
stands has never been shown to demonstrate a clear response pattern to abiotic envi
ronmental variables. Moreover, it is not clear whether such foliage characteristics have 
any ecologically interpretative value at all. The existing knowledge on plant leaf incli
nation and orientation mainly comes from experiments with monocultures or mixtures 
of arable crops, or studies of tree foliage. Regarding the present state of the arts, it is 
difficult, if not impossible, to extrapolate this knowledge on natural or semi-natural her
baceous plant communities. 

There is a lot of empirical evidence, supported by rather convincing theoretical con
siderations, that spherical (or ellipsoidal) distribution of leaf angle (Baldocchi et al. 
1985, Campbell 1986, Goudriaan 1988, Wang and Jarvis 1988, Utsugi 1999) and ran
dom distribution of orientation for compass direction (McMillen and McClendon 1979) 
are reasonable guesses for the majority of plant assemblages. However, it has been 
claimed that these assumptions may be unlikely to occur in practice (Anderson 1966). 
Several studies show that foliage can be non-randomly distributied with respect to azi
muth angle (Scott and Wells 1969, Caldwell et al. 1986) as well as inclination angle 
(Caldwell et al. 1986, Herbert and Nilson 1991, Gibson et al. 1992). At least it has been 
clearly shown that certain species can plastically respond to the orientation of diffuse 
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and/or direct radiation, in order to maximize water-use efficiency and avoid photoin-
hibition (Berg and Heuchelin 1990, Ryel and Beyschlag 1995, Hikosaka and Hirose 
1997). 

Besides light availability several other environmental variables have been docu
mented to influence leaf inclination and orientation — water and nutrient availability, 
temperature regime, etc. (Tappeiner and Cernusca 1989, Ehleringer and Forseth 1989). 
Several stress factors (e.g. water stress) have been shown to result in steeper midday 
leaf angles (paraheliotropism; Kao and Tsai 1998, Herbert 1991). 

While studying mean azimuth angle of plant aerial parts in a long-term experiment 
in a species-rich herbaceous community we found an indication that it could be related 
to the amount of direct radiation received in the particular growing season (Eek and 
Zobel 2000). There was an indication that in sunny years most of the leaves tended to be 
exposed towards the North and vice versa. There are studies which describe similar 
phenomenon in herbaceous monocultures (e.g. Scott and Wells 1969) or single-species 
experiments (Myers et al. 1997) but these are restricted to one vegetation period and do 
not reveal year-to-year variation pattern in leaf orientation. 

In this study we investigated to which extent mean leaf azimuth angle in a grassland 
canopy could be predicted from seasonal direct light availability. Given that the data 
were collected from a long-term permanent plot experiment where light availability had 
been manipulated with the help South-facing mirrors (providing a 'second sun' during 
ca. six hours around midday; Eek and Zobel 1997, 2000, Liira and Zobel 2000, Urbas 
and Zobel 2000), we were also interested in the possible effect of such experimental 
treatment to leaf azimuth angle. More specifically, we wanted to test the following 
working hypothesis: 

Hi — Mean leaf orientation in a grassland canopy is regressed to the amount of di
rect radiation received in the growing season. The abundance of direct sunlight 
causes exposition of leaf surface predominantly towards the North, the deficit of di
rect sunlight towards the South. 

Additionally, we interested to learn whether plants with different basic growth forms 
(graminoids vs. forbs) and plants with different light requirements (light-demanding v„v. 
shade-tolerant) differ in their plasticity of response to seasonal direct light availability. 

Material and methods 

The experiment was carried out in a mesic semi-natural species-rich calcicolous wooded 
meadow in Laelatu, western Estonia, on the eastern coast of the Baltic Sea (58°35' N, 
23°34' E). The grassland has been annually cut for hay in early July for more than 
200 years. The majority of species in the herbaceous layer (98%) are perennials, 71% of 
the species are forbs (incl. tree seedlings) and 29% are graminoids. Among species with 
known synecological light requirement (106 species out of 120), most of the graminoids 
(86%), as well as forbs (69%) are light-demanding (Ellenberg's indicator value for light 
exceeding 6). Of the light-demanding species 25% are graminoids and 75% were forbs 
(Table 1). 

2 



Table 1. The counts of light-demanding and shade tolerant graminoid and forb species, recorded 
in the permanent plots. A species was considered light-demanding when its Ellenberg's indicator 
value for light (Ellenberg et al. 1991) exceeded 6 (9 showing maximal light demand). 
The tendency of graminoids to be more light-demanding than forbs is not significant (P = 0.1051) 

Graminoids Forbs 
Light-demanding 19 58 
Shade-tolerant 3 26 

The vertical structure of the herbaceous canopy in the Laelatu meadow has been de
scribed in detail by Liira and Zobel 2000. Generally, grasses dominate in the uppermost 
canopy layers, grand mean of the height of plant organs being ca 18 cm. Mean height of 
sedges and forbes is significantly smaller (grand mean of the height of plant organs ca 
13 cm). There are no obvious layers in the canopy, biomass decreases monotonically 
with increasing height (Liira et al 2002). Mean leaf area index (LAI) of the canopy is 
ca 2.2 (min 1.4, max 2.9; L. Laanisto, unpublished data). 

In 1994 24 permanent plots of 40x40 cm were marked. In half of the plots light 
availability was manipulated by placing south-facing vertical glass mirrors (width 
212 cm, height 124 cm, lower edge of the mirror being 20 cm from the ground). The 
mirrors reflected additional sunlight onto the permanent plots for ca 6 hours a day. 

The plots were examined annually in the end of June/beginning of July during 
5 years (1994-1998). A laser beam with the diameter of 1 mm was used to mark 
100 randomly placed point quadrats in each plot at two angles — 60° and 120° from 
horizontal, South-North direction. The angle 60° meant inclination of the point quadrat 
towards the South. In each investigated point the number of contacts with green plant 
material were recorded. 

During three years (1994-1996) we additionally studied eight permanent plots (four 
plots with mirrors and four without) for plant species composition in the point quadrats. 

Data on the number of May, June and July sunshine hours, mean monthly air tem
perature and monthly percipitation (Table 2) for the period 1994-1998 were aquired 
from the Virtsu Observatory, situated 3 km from experimental site. 

Table 2. The number of sunshine hours, mean monthly air temperature and 
monthly precipitation during the growing season (May, June, July) in the five years of experiment 
(measured by Estonian Institute of Meteorology and Hydrology in Virtsu observatory, 3 km from 
experimental site). 

Observation year Number of sunshine Mean monthly air Total precipitation 
hours temperature (°C) (mm) 

1994 1081 13.7 94 
1995 939 14.4 205 
1996 745 12.6 175 
1997 943 14.5 220 
1998 826 13.7 177 
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Availability of direct light in sample plots was estimated from hemispherical photo
graphs made in 1999. The direct site factor Tdir (proportion of direct radiation under 
tree canopy relative to that above tree canopy; Machado and Reich 1999) was estimated 
as integral for the period of one month (30 days before maximum sun angle till maxi
mum sun angle), using cosine correction. 

Species were roughly classified according to Ellenberg's ecological indicator values 
for light (Ellenberg et al. 1991) and according to their growth form. A species was con
sidered light-demanding if its indicator value for light exceeded 6 (not included). Ac
cording to growth form species were classified into two groups — graminoids (Cypera-
ceae and Poeaceae) and forbs (the remaining vascular plant species). 

We used point quadrat data to estimate average plant aerial part azimuth orientation 
in a single index. The leaf orientation index (LOI) was calculated as: 

LOIij = In (N(60)ij / N(120)ij) (1) 

Here: N(a)ij — total number of contacts with vascular plants registered in the 50 point 
quadrats positioned at angle a, in i-th plot, y'-th year. The values LOItj > 0 denote the 
exposition of leaf surface predominantly towards the South. 

For each sampling season and each permanent plot direct radiation index was cal
culated as follows: 

DM» = Sj * Tdirt * M (2) 

Here: DRlij — direct radiation index for i-th plot in j-th year; Sj — number of sunshine 
hours in May and June in j-th year; Tdir, — direct site factor in /-th plot; M — mirror 
efficiency coefficient, i.e. the estimate of the overall multiplicative effect of additional 
illumination (in plots without mirrors M = 1). The estimate of M was achieved statisti
cally. For this the coefficient M (mirror efficiency coefficient) in Eq. (2) was given val
ues: M = 1, 1.05, 1.1, 1.15, etc. and each time the strength of the regressive relationship 
LOI = f(DRI) was estimated for the two data subsets which showed strong regression 
between LOI and DRI — light demanding and graminoid plants. Strength of regression 
was measured using adjusted determination coefficient (R2), The value of M, providing 
maximum strength of the relationship, was considered the best estimate. Note that the 
direction of the additional direct radiation (North-South) should be disregarded in esti
mating M because the main signal for adjusting leaf azimuth angle is still South-North 
orientated. 

The dependence between plant growth form (graminoids vs. forbs) and light re
quirement was studied using Pearson chi-square test for 2x2 contingency table. 

Results 

Over the five years of the experiment the grand mean number of contacts recorded per 
one point quadrat pin in a sample plot was 5.29 (min. = 2.18, max. = 11.8, SD = 1.68). 
Altogether, 87 vascular plant species were recorded in those eight permanent plots 
which were studied for species composition in the point quadrats during the first three 
years of the experiment. Altogether, 120 species were recorded in the permanent plots. 
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The analysis of dependence between plant growth form and light requirement (Ta
ble 1) using chi-square test showed that the null hypothesis (light requirement is inde
pendent of growth form) could not be refuted (P = 0.1051). Though there is a tendency 
towards graminoids being more light-demanding, this cannot be proved statistically. 

The results of estimating the value of the mirror efficiency coefficient M in equation 
(2), using iteration, are shown in Fig. 1. The strength of the regression of leaf orienta
tion index (LOI) on direct radiation index (DRI) was in both cases maximal at M ~ 0.15. 
Thus, the overall effect of additional illumination on plant performance, as observed in 
the response of plant leaf orientation, is comparable to one that would be expected after 
a 15% increase of the natural direct PAR level. 
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Figure 1. The results of estimating the value of mirror efficiency coefficient M in Eq. (2) 
by iteration for two data subsets — light-demanding species (A) and graminoid species (B). The 
strength of regression between leaf orientation index (LOI, Eq. (1)) and direct radiation index 
(DRI, Eq. (2)) is measured using adjusted determination coefficient (R2) for different M-values. In 
both cases the value 0.15 yields a maximum of R2 and is considered the best estimate for the 
mirror efficiency coefficient. 

The overall relationship between plant leaf orientation (LOI) and seasonal abundance of 
direct PAR (DRI) was significant at P = 0.0021 (Fig. 2). There is an indication that in 
years with abundant direct sunlight most of the leaf surface tends to be exposed towars 
the North and in cloudy seasons towards the South. 
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Figure 2. The regression of leaf orientation index (LOI) on direct radiation index (DRI). Data 
from 24 permanent plots over the five years of observation are pooled. DRI is calculated using the 
estimate of M - 0.15 (Eq. (2), see Fig. 1). 

The more detailed study of the relationship between LOI and DRI in eight permanent 
plots revealed that functionally different plant species responded differently to the 
availability of direct PAR. Species with Ellenberg's indicator value for light being equal 
to seven or higher responded significantly (P = 0.0005) to changes in seasonal direct 
radiation level by adjusting the mean azimuth angle of their aerial parts (Fig. 3). As 
much as 41% of the variation in LOI over three years could be explained through DRI in 
light-demanding species. In species with Ellenberg's indicator value for light below 
seven there was no significant relationship between LOI and DRI. 
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Figure 3. The regression of leaf orientation index (LOI) on direct radiation index (DRI) for 

light-demanding species (Ellenberg's indicator value for light exceeding 6). Data from 
8 permanent plots over the three years of observation are pooled. DRI is calculated using 
the estimate of M = 0.15 (Eq. (2), see Fig. 1). 
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When species with different growth form (graminoids vs forbs) were studied separately, 
a significant relationship between LOI and DRI could be detected only in graminoids 
(P = 0.0060, Fig. 4). More than 25% of the variation in mean leaf azimuth angle of 
grasses and sedges was attributable to variation in direct PAR level. In forbs no signifi
cant relationship was found between LOI and DRI. 

2.0 
Graminoid species 
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YEAR=1996 
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P = 0.0023 

500 540 300 340 380 460 220 260 420 
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Figure 4. The regression of leaf orientation index (LOI) on direct radiation index (DRI) for 
graminoid species (Poaceae and Cyperaceae). Data from 8 permanent plots over the three years 
of observation are pooled. DRI is calculated using the estimate of M - 0.15 (Eq. (2), see Fig. 1). 

There was no significant difference between the mean orientation of graminoid and forb 
leaves, nor between the mean orientation of the leaves of light-demanding and shade 
tolerant plants. 

Discussion 

There are virtually no data in the literature on plant leaf angle and orientation that would 
make it possible to predict with any certainty the mean azimuth angle of leaves in a 
multi-species herbaceous community. Neither can one find evidence showing that her
baceous plants in natural stands can plastically respond to variation in seasonal avail
ability of PAR by adjusting their architecture to an excess or deficit of the light re
source. The results of this study demonstrate that the relationship between mean leaf 
orientation and the amount of direct radiation received during the growing season can 
be quantified (Fig. 2). One can also see in the graph that in the cloudy and cool year of 
1996 (Table 2) mean LOI is considerably higher (leaves more South-exposed) than in 
the remaining, sunny and warm years. Though the predictive power of the regression 
model remains very low there is evidence supporting our main hypothesis. 
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Leaf inclination and orientation have frequently been shown to depend also on other 
environmental factors than light, especially water availability (Ehleringer and Forseth 
1989, Tappeiner and Cernusca 1989, Herbert 1991, Kao and Tsai 1998). The graph in 
Fig. 2 shows that changes in LOI can hardly be explained through possible water stress 
in the Laelatu meadow. In the exceptionally dry year of 1994 (Table 2) mean LOI is 
similar to that in the sunny but considerably rainier years of 1995, 1997 and 1998. 

The more detailed study of leaf North-South orientation, with species identified for 
each contact in the point quadrat analysis, revealed the reason why the overall regres
sion of LOI on DRI was relatively weak (R2< 0.07; Fig. 2). It appeared that only certain 
functional groups of species are responsible for the plasticity of mean leaf orientation in 
the canopy. In light-demanding species with Ellenberg's indicator value for light seven 
or higher (73% of recorded species) the seasonal amount of direct PAR was a good pre
dictor of mean leaf orientation, describing 42% of total variation in LOI (Fig. 3). The 
azimuth angle of shade species was not related to the seasonally received amount of 
direct radiation. Evidently, the ability to escape too intense direct radiation, and thus 
avoid photoinhibition, is an important trait of those species which are adapted to grow 
in full light. In shade species the danger of experiencing excessive direct radiation for a 
long time is too small in the long run to adopt an ability of adjusting the canopy to sea
sonal light climate. 

Another functional group of species that demonstrated clear response in leaf orien
tation were species with graminoid growth form (grasses and sedges in the Laelatu 
meadow, 29% of the recorded species; Fig. 4). The mean azimuth angle of the remain
ing species (forbs) appeared to be insensitive to the seasonal PAR availability. One 
must admit here that the results depicted in Fig. 3 and 4 are probably not entirely inde
pendent. Table 1 shows that only three graminoid species are classified as shade-toler
ant ones. Thus, the significant relationship between LOI and DRI in graminoids could 
principally result from the fact that graminoids are largely a subset of light-demanding 
species. Though the relatively higher light-requirement of gaminoid species could not 
be statistically proved (P = 0.1051), the question remains. 

Assuming that the relationship in Fig. 4 still reflects reality, and graminoids, as a 
whole, can more plastically re-arrange their morphology according to seasonal light 
climate than forbs, this phenomenon needs an (somewhat speculative) interpretation. 
Most likely, it should be explained through the basic differences in how leaves are pro
duced and maintained in forbs vs graminoids. In the latter the vegetative leaves are often 
obligatory asymmetrical with respect to the vertical axis of the ramet while forbs can be 
obligatory symmetrical. Thus, provided that most of the graminoid ramets are vegeta
tive (and this is the case in the Laelatu meadow), certain azimuth angle of inclination 
may easily prevail if there is a signal in the environment that alters the azimuth direction 
of leaf emergence in the early development phase of the leaves (see Myers et al. 1997 
for comparison). 

In conclusion, our results clearly indicate that mean leaf orientation in a multi-
species herbaceous canopy is a function of the amount of incoming direct radiation 
during the growing season, and can be predicted with some certainty from the latter, 
especially for light-demanding species and for graminoid species. 
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