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The aim of the study was to test the possibility of using the Normalized Difference Veg-
etation Index (NDVI) for distinguishing between differently managed mountain grassland
sites surrounded by boreal forests. The NDVI was assessed under field conditions in
three differently managed meadows (mown, mulched, unmanaged), at an altitude of 1150
to 1170 m in the Bohemian Forest Mts. The mowing and mulching were applied to the
respective plots in mid-July and three successive NDVI/aboveground biomass assessments
were made before and two after the application of the treatments. The presence of litter,
expressed by the green ratio index (GR), strongly affected the reflectance of the grassland
canopy. The linear relationships between green biomass and NDVI were statistically sig-
nificant for all treatments only during the period before the application of the treatments. It
was only in the unmanaged plot that a statistically significant linear relationship between

NDVI and GR was recorded.

Introduction

Changes of agricultural policy in central Europe
at the end of the 20th century resulted in aban-
donment of extensive areas of secondary moun-
tain meadows and pastures which replaced a part
of boreal forests in the past. The existence and
quality of secondary grassland depend, however,
fully on human management. New alternative
practices of non-profit grassland management
are necessary. There is also a need to find meth-
ods for evaluating the management impacts.
Aerial photography, and since 1960s remote
sensing (RS), became an important and indis-

pensable source of data about the Earth surface
and processes. Increasing both spatial (from km
to cm) and spectral resolution (from wide band
range to narrow hyperspectral) of RS data make
it possible to work on different scales and at dif-
ferent information levels. Digital imagery analy-
ses are powerful tools for mining information
from these data. Innumerable algorithms exist
to extract specific information from certain data
sources: from simple threshold to contextual
classifications based on neural nets.

Many attempts were made to find “simple”
approaches, including the use of vegetation indi-
ces (VIs). The VIs are spectral transformations of
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two or more bands. They are computed directly
without any bias or assumptions regarding the
land cover class, soil type, or climatic condi-
tions. The number of VIs significantly increased
especially after hyperspectral RS data became
a standard part of vegetation monitoring, and
offered an unlimited number of band combina-
tions (e.g., Broge and Leblanc 2001, Zarco-
Tejada et al. 2001, le Maire et al. 2004).

The VIs derived from field/airborne/satellite
data display substantial empirical, and in many
cases theoretical, evidence that they are related
to several vegetation parameters. As a result,
many VIs are tested for estimation of different
vegetation properties such as biophysical param-
eters of vegetation (McDonald et al. 1998, Huete
et al. 2002, Elwadie et al. 2005), quantification
of vegetation biomass (Zheng et al. 2004, Lu
2006), determination of different phenological
phases (Zhang et al. 2003), monitoring of stress
effect (Eklundh 1996, McVicar and Jupp 1998),
precision farming (Moran et al. 1997, Habou-
dane et al. 2004), and monitoring of such natural
vegetation as that of prairies (Senay and Elliott
2000, Barbosa et al. 2006).

The normalized difference vegetation index
(NDVI) is historically one of the first VIs. It is a
normalized ratio of the NIR (near infrared) and
red bands (Rouse et al. 1974):

NDVI = (NIR — Red)/(NIR + Red)

The NDVI was used in numerous studies to
estimate vegetation biomass, greenness, primary
production, dominant species, leaf area index
(LAI), fraction of absorbed photosynthetically
active radiation (fAPAR) (e.g. Myneni and Wil-
liams 1994, Koide et al. 1998, Gopal et al. 1999,
Senay and Elliott 2000, North 2002, Kawamura
et al. 2005, Pettorelli et al. 2005, Telesca et al.
2006). The NDVI is also an important parameter
in various kinds of local, regional, and global
scale models, including general circulation and
biogeochemical ones.

The NDVI images derived from the
Advanced Very High Resolution Radiometer of
the National Oceanic and Atmospheric Admin-
istration (NOAA-AVHRR) provide opportuni-
ties for time-series analyses of changes in land
use and cover on global scale (Fuller 1998).
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Recently, also the Moderate Resolution Imaging
Spectroradiometer (MODIS) NDVI, referred to
as the “continuity index” to the existing 20+ year
NOAA-AVHRR, derives NDVI time series and
aims to provide a longer-term data record for use
in operational monitoring studies. Huete et al.
(2002) give an overview of the operational appli-
cability of the MODIS vegetation indices.

The main disadvantage of the NDVI is the
inherent non-linearity of ratio-based indices
and the influence of additive noise effects, such
as atmospheric path radiances. The NDVI also
exhibits symptotic (saturated) signals over high
biomass conditions. It means that NDVI based
on the red and near-infrared portions of the elec-
tromagnetic spectrum asymptotically approaches
a saturation level beyond a certain biomass
density or LAI. Mutanga and Skidmore (2004)
suggested hyperspectral narrow band indices in
order to overcome the saturation in biomass esti-
mation. This is, however, hardly applicable on a
cheap and operational local/regional scale that
was in the focus of our research. The saturation
effect occurs typically in multilayer vegetation
such as forests or agricultural crops, with LAI >
4 (Baret and Guyot 1991, Gobron et al. 1997).

In this study, run for one vegetation season,
we tested, in a field experiment (in situ), the
reaction of the NDVI to the biomass of semi-
cultural mountain meadows subjected to three
types of management. The management included
mowing, mulching, and fallow, i.e., no man-
agement. The respective management practices
(further on “treatments”) were applied each year
starting from 1997, and we carried out the study
in 2001. We related the NDVI both to the green
biomass and the herbage green ratio (GR) index
(Tucker 1980, Vescovo and Gianelle 2006). We
also considered the importance of the species
composition of the meadows for the NDVI.

We assumed that the problem of saturation
could hardly occur in mountain meadows. An
average LAI of grassland was estimated at 2.5
(Scurlock et al. 2001); moreover, the presence of
litter and standing dead plant material (further on
only “litter”) affects the reflectance. The green
biomass in mulched plots is affected (partly
masked) by dry biomass left over from mulching
in the previous year and, after mulching, also by
that of the current year. In the unmanaged plot,
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green biomass has to grow through standing
dead plant remnants from the previous year(s).
The NDVI of the mown plot can be affected by
soil backscattering both at the beginning of the
vegetation season and after mowing.

The aim of this study was to test the use of
NDVTI for distinguishing between different treat-
ments of mountain meadows, namely between
their mowing, mulching and fallow manage-
ment.

The following questions can be asked:

1. Do changes of NDVI values during the grow-
ing season really correspond to seasonal
changes of live (green) plant biomass and/or
the GR in mountain meadows?

2. Does the amount of plant litter lower the
NDVI values in comparison with those for
sites with much the same amount of live
plant biomass, but less litter?

3. Is there a difference between NDVI values of
mountain meadows subjected to the three dif-
ferent treatments?

4 Do the results obtained have practical impli-
cations? Is it possible to use the NDVI for
identifying mulched, mown and unmanaged
mountain meadows?

Material and methods
Study site

The study site was situated in the Sumava
National Park and Biosphere Reserve, Czech
Republic (49°05°N, 13°33°E). The experimental
species-rich mountain meadow lay in an isolated
grassland enclave within a forested area (Boreal
forest with dominant Norway spruce, Picea
abies) below the top of Hut'ska hora Mt. (1187 m
above sea level), about 8 km to the North of the
settlement Kvilda. For a detailed description and
history of the whole study site and surrounding
area, see Maskova et al. (2001a, 2001b).

The experimental site was 300 x 400 m large,
on a SW-facing slope, inclination to 10°, the alti-
tude of the site ranging between 1150 and 1170
m. Climatic conditions and the underlying parag-
neiss parent rock gave rise to acidic brown soils
(Acid Dystric Cambisol; Kvitek et al. 2001).
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The vegetation on the experimental site
was, in phytocenological terms, an acidophi-
lous meadow, Cardaminopsio halleri—-Agrosti-
etum association, Polygono—Trisetion alliance
(Moravec 1965), dominated by Deschampsia
cespitosa, Festuca rubra, Agrostis capillaris and
Hypericum maculatum, with diagnostic species
Cardaminopsis halleri, Melandrium sylvestre,
Phyteuma nigrum, P. spicatum, and Veronica
chamaedrys (Table 1). The data used for assess-
ing the average cover percentages are based on
phytocenological relevés recorded in 1997 to
2000 (Zeleny et al.2001).

Experimental design

In 1997, we established three permanent experi-
mental plots — 50 x 100 m each — subjected to
different treatments (Fig. 1).

We compared three alternative treatments:

1. Mowing and drying of the vegetation to pro-
duce hay. We subsequently removed the hay
from the mown plot. The mowing treatment
followed a régime corresponding to standard
low-impact agricultural practice typical of
highland regions of central Europe: mowing
once in a year (in July, in our experiment on
19 July 2001), employing low impact mecha-
nization.

2. Mulching of the second plot. This treatment
involved cutting and crushing of the veg-
etation and leaving it to decompose on the
spot. The mulching treatment is new to the
highland regions: it consists of mulching
the grassland vegetation once a year (in our
experiment on 19 July 2001).

3. Leaving the third plot fallow, allowing for
a spontaneous vegetation development from
the start of the experiment, with no man-
agement. We included the fallow treatment
because large areas of mountain meadows
are nowadays abandoned and left to sponta-
neous succession.

Phytocenological assessment (Zeleny et al.
2001; D. Sraitovd unpubl. data) confirmed that
after four years (1997-2000) of the same man-
agement the vegetation reached a certain level of
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Fig. 1. Aerial view (2000)
of the part of the Zhuri
enclave showing the posi-
tion of the experimental
site and plots. A: mown

stand, B: unmanaged
(fallow) stand, C: mulched
stand.

homogeneity in each of the treated plots.

We used a Dycam Agricultural Digital
Camera (ADC, Dycam Inc., Chatworth, CA,
USA) that is frequently used in data acquisition
for NDVI calculation in research studies (e.g.,
White et al. 2000, Nagler et al. 2001, Nagler et
al. 2004) and also in practical applications, e.g.,
mapping of plant stress (Hughes et al. 2000).
The ADC was tailored for multi-band photog-
raphy in the red (635-667 nm) and near infra-
red NIR (835-870 nm) wavebands, with spatial
resolution of 496 x 365 pixels, the lens having a
fixed f of 4.5. The field of view was equivalent to
that of a lens with 60 mm focal length in 35 mm
film format.

On 24 May, 20 June, 19 July, 16 August
and 20 September 2001, vegetation season, we
sampled the aboveground plant biomass and
litter from the same 0.33 X 0.33 m quadrats in
which we also measured the NDVI values, with
four replicate samples for each treatment. After

assessing the fresh weight, we assessed the dry
weight of each sample following its drying to
constant weight at 85 °C.

To estimate plant species composition, we
established 15 permanent plots of 1 X 1 m each,
five in each of the three differently treated plots.

Data acquisition

We conducted both the measurement of the veg-
etation indices and the sampling of plant biomass
five times during the 2001 growing season: three
times (24 May, 20 June, 19 July) before apply-
ing the experimental treatments, and twice (16
August and 20 September) after mulching and
mowing the two respective plots. We took com-
parative phytocenological relevés before apply-
ing the experimental treatments in July 2001.
We mounted the ADC camera on a tripod on
an arm to take vertical photographs of sample
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plots of the size exceeding 0.33 X 0.33 m from
the height of 1.5 m, with four replicates per each
plot where we harvested the biomass samples.
Before this procedure, we took a calibration pho-
tograph. This we did by installing the red filter,
placing a calibration diffuser across the lens and
taking a photograph of a white plastic sheet. We
applied the calibration values to all images made
under the calibrated conditions. After taking the
calibration photograph, we removed the diffuser
and left only the red filter when taking photo-
graphs of the respective plots of the vegetation.
We scanned all images under clear sky between
12.00 and 13.00 in order to minimize the pattern
of shadows within the vegetation. The Sun’s
zenith angle (including slope of the plot) and azi-
muth at 12.30 were as follows: 18.1° and 194.6°
on 24 May; 16.3° and 195.7° on 20 June; 19.4°
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and 194.5° on 19 July; 24.4° and 192.4° on 16
August; 39.5° and 189.9° on 20 September.

We cut off the aboveground plant parts about
1 cm above soil surface. From a known area,
we raked out the lodged or fallen off and slowly
decomposing dead plant material and litter. The
litter biomass inevitably included also the prac-
tically inseparable biomass of bryophytes pen-
etrating the gradually decomposing litter origi-
nating from aboveground plant parts.

We divided each permanent plot of 1 X 1 m
into nine sub-plots, using a wire square grid of
nine cells of 0.33 x 0.33 m each. We estimated
the combined abundance and cover degree of
each vascular plant species in each sub-plot,
using the Braun-Blanquet seven-degree scale
(Braun-Blanquet 1964). Plant nomenclature fol-
lows that of Kubat ef al. (2002).

Table 1. List of species recorded in the experimental mountain meadow site and their approximated abundance in

the sample plots.

Species Cover (%) Species Cover (%)
Acer pseudoplatanus (juv.) < 0.01 Lilium bulbiferum < 0.01
Achillea millefolium 0.09 Luzula campestris < 0.01
Agrostis capillaris 12.73 Luzula luzuloides 415
Alchemilla sp. < 0.01 Luzula multiflora 0.21
Alopecurus pratensis < 0.01 Luzula pilosa < 0.01
Anemone nemorosa < 0.01 Phleum pratense < 0.01
Anthoxanthum odoratum 1.04 Phyteuma nigrum < 0.01
Arnica montana < 0.01 Phyteuma spicatum < 0.01
Avenella flexuosa < 0.01 Pimpinella saxifraga < 0.01
Bistorta major <0.01 Poa pratensis 0.85
Campanula rotundifolia 0.38 Potentilla erecta 0.16
Cardaminopsis halleri 1.26 Ranunculus acris 0.03
Carex ovalis < 0.01 Ranunculus repens <0.01
Carex pilulifera < 0.01 Rhinanthus minor < 0.01
Carlina acaulis < 0.01 Silene dioica 3.00
Cerastium arvense < 0.01 Soldanella montana < 0.01
Cerastium holosteoides <0.01 Rumex acetosa 0.26
Cirsium heterophyllum 0.03 Rumex acetosella 0.88
Cirsium palustre < 0.01 Sorbus aucuparia (juv.) < 0.01
Deschampsia cespitosa 28.13 Stellaria graminea 0.06
Festuca pratensis < 0.01 Taraxacum sp. 0.08
Festuca rubra 35.11 Trifolium medium < 0.01
Galeopsis tetrahit <0.01 Trifolium repens 0.70
Galium album < 0.01 Veronica chamaedrys 0.77
Gnaphalium sylvaticum < 0.01 Veronica serpyllifolia <0.01
Hieracium aurantiacum 0.06 Vicia cracca < 0.01
Holcus lanatus < 0.01 Vicia villosa < 0.01
Holcus mollis < 0.01 Viola tricolor 0.01
Hypericum maculatum 20.00




422

24.V. 20.VI. 19.VIL.

Date

16.VIII. 20.1X.

—@— mown stand
—e— unmanaged stand

—aA— mulched stand
X experimental treatment

Fig. 2. Seasonal changes of the vegetation index
(NDVI) in mountain grassland stands subjected to three
treatments: mulching, mowing once a year, and no
management.

Data evaluation

We used a vector mask delineating the boundary
of a rectangle of 0.33 X 0.33 m (with the veg-
etation afterwards harvested for biomass assess-
ment) within each photograph. We split regularly
such a quadrat into nine (3 x 3) fields of 11 x 11
cm each. We used BRIV32 (Band Ration Image
Viewer) software delivered by Dycam Inc. (Hei-
nold 2000) to calculate the NDVI for each of the
nine fields. We also calculated the means and
standard deviations of nine NDVI values. These
two numbers characterized the NDVI of each
plot and we used them in subsequent statistical
procedures.

We used the values of dry plant biomass in
analyses of the relationship between the plant
biomass (both in g m™) and the NDVI, and in the
calculation of the GR index:

GR = green biomass/(green biomass
+ standing dead and litter biomass)

To estimate plant species composition, we
averaged the cover values for individual spe-
cies in each of the nine sub-plots within each
experimental 1 X 1 m plot. We evaluated statisti-
cally the resulting five phytocenological relevés
representing each treatment as five replicates for
each treatment.

We applied the correlation and regression
analyses (Statistica ver. 7) to the data obtained
in order to express the relationship between
plant aboveground fresh biomass and NDVI, and
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that between GR and NDVI, for each treatment.
This we did for two data sets of corresponding
biomass-NDVI, GR-NDVI pairs. The first set
included data from the measurements carried
out before applying the treatments (mowing,
mulching). This accounts for 12 green biomass-
NDVI pairs and 12 GR-NDVI pairs. The other
set included data acquired after the treatments
(8 green biomass-NDVI pairs and 8§ GR-NDVI
pairs).

For each of the data sets we calculated both
the correlation coefficients and linear regressions
(includeing 95% confidence interval) between
the biomass and NDVI and GR, respectively.

We tested the differences between different
treatments on each of the five sampling dates in
2001 for the following parameters: NDVI, GR,
dry green biomass, dry litter biomass.

First, we used the Kruskal-Wallis ANOVA
by rank test to test the hypothesis on equality
of respective parameters for each date. Then,
we applied the Mann-Whitney U-test to test
for differences between the respective pairs of
treatments for those dates on which the Kruskal-
Wallis ANOVA was significant (p < 0.05).

Results

The mown plot displays the highest NDVI values
throughout the whole growing season (Fig. 2).
The values for the mulched plot recorded before
the treatment followed a similar trend, but there
was a significant clump in the first measurements
after applying the treatment (Fig. 2). The unman-
aged fallow plot showed the lowest values of
NDVI both before the maximum biomass was
attained and at the end of the growing season
(Fig. 2).

The values of NDVI were quite homogene-
ous within treatments during the whole sam-
pling season. The coefficients of variation of
the NDVIs calculated from nine values of each
sampled quadrat ranged between 2% and 6%,
with an extreme of 8% for the mulched plot after
the treatment (16 August). This coefficient cal-
culated for all 36 plots (11 x 11 cm) within each
treatment on the respective days ranged between
4% and 8%, with an extreme of 13% for the
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mulched plot after the treatment (16 August).

We obtained statistically significant differ-
ences between the NDVI values for the mulched,
mown and unmanaged (fallow) plots on five
days during the 2001 growing season (Table 2).

Before mulching and mowing the two respec-
tive plots, we found a close correlation between
the aboveground plant biomass and NDVI for
the mown plot (Fig. 3a), while the fallow plot
displayed the relatively weakest correlation (Fig.
3c¢) even if the differences between the correla-
tion coefficients were statistically highly signifi-
cant (p < 0.01) for all treatments.

On the contrary, only the fallow (Fig. 3d) and
mulched (Fig. 3f) plots displayed statistically
significant (p < 0.05) correlations between NDVI
and GR before the treatments, but these correla-
tions were weaker than those between NDVI and
green biomass.

There was no statistically significant correla-
tion between biomass and NDVI for any of the
plots after their mulching or mowing. But one
could notice a decrease of NDVI values for the
first harvest date after applying these treatments
(Fig. 2 and Fig. 4a, c,e).

The fallow plot (Fig. 4d) indicates a statisti-
cally highly significant correlation (p < 0.01)
between NDVI and GR calculated from values of
the last two sampling dates (after application of
the respective treatments to the other two plots).

There were statistically significant differ-
ences (p < 0.05) between the GR indices for
all combinations of the mulched, mown and
unmanaged (fallow) plots only on the first (24
May) and the last (20 September) sampling days,
except for the mulched X unmanaged combina-
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tion on the latter date.

The relationships between the green biomass,
litter and NDVI for each treatment are illustrated
in detail in Figs. 5-7.

In the fallow plot, as expected, the values of
both green plant biomass and litter were highest
on the sampling dates following the treatments
(mowing, mulching) applied to the other two
experimental plots (Fig. 6b). The fallow grass-
land stand grew faster than the other two stands
at the start of the growing season (Fig. 6a). We
recorded the smallest accumulation of litter in
the mown plot (Fig. 5a and b). Here, also, the
green biomass production was lower prior to
mowing the stand than it was in both the fallow
and the mulched plots at the same time.

Differences between the aboveground
(green) plant biomass (dry weight per m?) in the
mulched, mown and unmanaged (fallow) plots as
well as those between the standing dead material
and litter dry weight per m? are given in Tables 3
and 4, respectively.

We followed the development of the propor-
tion between monocotyledonous and dicotyledo-
nous plant species in the plots subjected to the
three respective treatments (Fig. 8).

In the mown plot, the cover degree of dicoty-
ledonous plants was relatively low at the start
of the growing season while it was higher in
both the mulched and the fallow plots. The
cover degree of dicotyledonous plants increased
before mowing the plots; afterwards, however,
the re-growth of dicotyledonous plants was slow.
On the other hand, in the mown plot the cover
degree of monocotyledonous plants increased
during that period.

Table 2. Significances of the differences between the NDVI values in the mulched, mown and unmanaged (fallow)
plots on five days in the 2001 growing season. The respective treatments (mowing and mulching) were applied on

19.VI1.2001, after the sampling operation.

Mulched x mown
x unmanaged’

Date of sampling

Mulched x mown?

Mulched x unmanaged?>  Unmanaged x mown?

24.V. 0.001 0.125
20.VI. 0.001 0.981
19.VII. 0.106

16.VIIL. 0.001 0.002
20.1X. 0.001 0.886

0.002 0.007
0.001 0.001
0.012 0.001
0.001 0.001

' Kruskal-Wallis ANOVA by rank test, 2 Mann-Whitney U-test.
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In the fallow plot, the cover degree of mono-
cotyledonous plants did not change much during
the growing season; we observed a slight retreat
of dicotyledonous plants only towards its end.

In the mulched plot, the cover degree of

dicotyledonous plants was the highest and that of
monocotyledonous plants the lowest of all three
treatments compared.

We assessed, for all three treatments, the
cover degree of the four most important domi-
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Fig. 4. Linear regressions (with 95% confidence limits) of the vegetation index (NDVI) on green aboveground plant
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nant plant species prior to mowing and mulching  and Agrostis capillaris were represented less but
the respective plots (Fig. 9). The grasses Des-  almost equally. In the fallow plot, D. cespitosa
champsia cespitosa and Festuca rubra domi-  was dominant whereas H. maculatum showed a
nated in the mown stand. The dicotyledonous lesser cover degree, comparable with that of the
Hypericum maculatum dominated in the mulched  remaining monocotyledonous co-dominants F.
stand, while the grasses D. cespitosa, F. rubra  rubra and A. capillaris.
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Fig. 5. Dependence of the vegetation index (NDVI) on the amounts of green aboveground plant biomass and
of aboveground litter (grams of fresh weight per 1 m?) in the mown stand (a) before and (b) after mowing on
19.VI1.2001.
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Fig. 6. Dependence of the vegetation index (NDVI) on the amounts of green aboveground plant biomass and of
aboveground litter (grams of fresh weight per 1 m?) in the unmanaged (fallow) stand (a) before and (b) after mowing
or mulching the other two plots on 19.VI1.2001.

Discussion * species composition of the vegetation, mor-
phology of the dominant plant species and,
Many factors determine the NDVI response to particularly, the proportions of monocoty-
aboveground plant biomass and/or GR index in ledonous (largely graminoid) and dicotyle-
the mountain grassland studied. When consider- donous (largely broad-leaved) plants in the
ing the first question of a correlation between stands;
the NDVI values and the amount of live above- ¢ biomass of the vegetation as a whole and
ground biomass in the grass stands, one has to that of its constituent dominant species,
take into account the following factors and inter- again divided between different plant life

actions between them: and growth forms and, especially, between
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Fig. 7. Dependence of the vegetation index (NDVI) on the amounts of green aboveground biomass and aboveground
litter (grams of fresh weight per 1 m?) in the mulched stand, (a) before and (b) after its mulching on 19.VII 2001.

monocotyledonous (graminoid) and dicotyle-
donous plants;

e phenological phase of the vegetation at the
time of the NDVI measurement;

e presence of standing dead material and litter
from both the current vegetation season and
the previous one.

When trying to answer the next question
whether the NDVI decreases with an increasing
proportion of litter, i.e., with a decreasing GR
index, one has to account for the following facts:

e difference between the mulch (fresh litter)
and the “natural® (dry) litter;

e penetration of live bryophytes (mosses) into
the decomposing plant litter.

A correlation nevertheless exists between
NDVI values and the live aboveground bio-
mass (Figs. 3 and 4). This finding is in agree-
ment with those of, e.g., Myneni and Williams
(1994), Fuller (1998), Paruelo and Lauenroth
(1998), Senay and Elliott (2000), Kawamura et
al. (2005). Our findings showed a statistically
significant linear relationship between NDVI
and GR only in the unmanaged plot during the
whole growing season. We could confirm, at
least partly, the effect of the grassland manage-
ment on the NDVI values.
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X experimental treatment

Fig. 8. Summarized cover degree values (Braun-Blan-
quet scale) for monocotyledonous and dicotyledonous
plants in (a) mown, (b) unmanaged (fallow) and (c)
mulched stands in 2001. Mean values and standard
deviations from four replicates are given.
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M Festuca rubra
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OHypericum maculatum
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Fig. 9. Cover degree values (Braun-Blanquet scale) for
four dominant species in the three respective experi-
mental grassland stands (a: mown, b: unmanaged
(fallow), c: mulched) on 18.VI1.2001, i.e., one day before
the a and ¢ treatments were applied. Mean values and
standard deviations from four replicates are given.

Nevertheless, Vescovo and Gianelle (2006)
and Gianelle and Vescovo (2007) found the best
linear relationships between GR and NDVI__
irrespective of mountain meadow management.

Before the mowing and mulching, the three
experimental mountain grassland plots displayed

Maskova etal. « BOREAL ENV. RES. Vol. 13
a similar behaviour with respect to the NDVI
trends (Figs. 2, 3a, c, e), i.e., the NDVI was
increasing along with the seasonal increase of
aboveground (green) biomass. The unmanaged
and mulched plots showed significantly higher
biomass values than the mown plot (Fig. 10).
The live aboveground biomass was high in the
mulched plot because of faster regeneration of
the vegetation at the start of the growing season,
most probably thanks to natural fertilization with
mineral nutrients released from the mulch, i.e.,
relatively nutrient-rich vegetation remains from
the previous growing season (Struzina 1990).
The mown plot had the lowest production of
aboveground plant biomass of all three experi-
mental plots compared. This finding is in agree-
ment with a number of earlier studies, in which
mowing without additional fertilizer application
reduced the production of the vegetation (Dick-
inson and Polwart 1982, Willems 1983, Osbor-
nova et al. 1990, Oomes et al. 1996).

However, in spite of the highest aboveground
biomass, the NDVI values were generally lower
in the unmanaged fallow plot. Early in the

Table 3. Significances of the differences between the aboveground (green) plant biomass (dry weight per m?) in the
mulched, mown and unmanaged (fallow) plots on five days in the 2001 vegetation season. The respective treat-
ments (mowing and mulching) were applied on 19.VII.2001, after the sampling operation

Mulched x mown
X unmanaged'

Date of sampling

Mulched x mown?

Mulched x unmanaged?>  Unmanaged x mown?

24.V. 0.5950
20.VI. 0.0388 0.1489
19.VII. 0.1548
16.VIIL. 0.0073 0.0209
20.1X. 0.0154 0.1489

0.1489 0.0209
0.0209 0.0209
0.0209 0.0209

' Kruskal-Wallis ANOVA by rank test, 2 Mann-Whitney U-test.

Table 4. Significances of the differences in the amounts of litter (dry weight per m?) in the mulched, mown and
unmanaged (fallow) plots on five days in the 2001 growing season. The respective treatments (mowing and mulch-
ing) were applied on 19.VII.2001, after the sampling operation.

Mulched x mown
X unmanaged'

Date of sampling

Mulched x mown?

Mulched x unmanaged?>  Unmanaged x mown?

24.V. 0.0073 0.0209
20.VI. 0.0231 0.5637
19.VII. 0.1738

16.VIIL. 0.0125 0.0209
20.1X. 0.0125 0.0209

0.0209 0.0209
0.0209 0.0209
0.0836 0.0209
0.0836 0.0209

' Kruskal-Wallis ANOVA by rank test, 2 Mann-Whitney U-test.
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season, the differences were mainly due to the
presence of significantly higher amounts of both
litter and standing dead plant material largely left
over from the previous year.

After the mowing and mulching, no signifi-
cant correlation between the NDVI values and
live aboveground plant biomass was found in
any of the three experimental plots (Fig. 4a,c,e),
but the regression trend is different in the fallow
plot. Here, the negative slope of the regression
of the NDVI on live aboveground plant biomass
(Fig. 4c) documented the prevailing senescence
phase of the vegetation later in the growing
season. At the same time, both the mown and
the mulched plots exhibited just a gentle posi-
tive slope of the above regression, with less live
aboveground plant biomass than was that in
the unmanaged plot. The mown plot, however,
despite its lowest aboveground green biomass,
showed the highest NDVI values, evidently
thanks to the smallest amounts of litter within
the stand. Also in the mulched plot, the NDVI
sharply decreased immediately after the mulch-
ing; this was due to the fresh mulch temporarily
covering the remaining green grass sward. The
above results confirmed the results of e.g., van
Leeuwen and Huete (1996) and Asner (1998)
according to which standing dead material (and
in our case also mulched litter) significantly
affected the reflectance characteristics of grass-
lands; a small increase in standing litter can
therefore have a disproportionately strong effect
on canopy reflectance. The mulch, however,
dried out rapidly and the grass sward soon regen-
erated by re-growth through the dry mulch so
that the NDVI again increased — see also Moog
et al. (2002) reporting a relatively fast change in
the character of a grass mulch left on the spot.

Significant differences existed in the amount
of standing dead material and litter between
the treatments (Table 4 and Fig. 10). It can be
expected that their amount increases both after
mulching and when leaving senescent biomass
in place. But the effect of the amount of standing
dead material and litter on the NDVI values was
largely non-significant (Figs. 6 and 7). The pres-
ence of bryophytes in the litter samples could
result in artefacts in the form of values indicat-
ing a highly improbable increase in the “litter*
amount for periods of a relatively high rate of
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Fig. 10. Aboveground live biomass and litter (grams
of fresh weight per 1 m?) in (a) mown, (b) unmanaged
(fallow) and (c) mulched stands in 2001. Mean values
and standard deviations from four replicates are given.
The date of experimental treatment is 19.VII. (after the
biomass sampling).

litter decomposition. The penetration of mosses
into the litter layer was, moreover, irregular in all
three experimental plots: the share of mosses was
the highest in the mown plot with very little litter
and no standing dead plant material. The plots
contained: mown 26% + 8% (mean += SD) of
bryophytes in total dry weight of litter, unman-
aged 11% + 2%, mulched 15% + 12%, sampling
date 20 June 2001. In absolute terms (g m™)
the amounts of mosses differed relatively little
among the three experimental plots compared.
It was unfortunately technically impracticable
to separate the bryophytes from the litter they
were penetrating. One may assume, however,
that the presence of mosses affected only little
the NDVI values, especially in the mulched and
fallow plots.

This paper does not deal with the effects of
different treatments on the species diversity of
the mountain meadow vegetation. Yet, one can
make a few comments on changes in the species
composition of the differently managed moun-
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tain meadow plant community as a potentially
important explanatory variable. Regular mowing
of secondary mesophytic meadows increased
their plant species diversity, especially among
the dicotyledonous plant species (Bobbink and
Willems 1993, Sykes et al. 1994, Rosén 1995,
Ryser et al. 1995). In our experiment, however,
dicotyledonous plants exhibited a lower cover
degree in the mown plot than in the mulched plot
(Figs. 8 and 9). This discrepancy was not due
to a decline of dicotyledonous plants caused by
mowing, but by prolific growth and development
of the dicotyledonous dominant Hypericum mac-
ulatum in the mulched plot. This finding con-
trasted with those made by Kahmen et al. (2002)
and Moog et al. (2002), who described compara-
ble effects of equal frequencies and dates of the
mowing and mulching on the species diversity of
grassland vegetation. According to these authors,
there is only negligible variation in the species
composition of grassland vegetation regardless
of leaving the biomass on the spot or removing
it. Moog et al. (2002) assumed that the decom-
position of organic matter took about four weeks
under the prevailing climatic conditions, so no
negative effects could be due to litter accumula-
tion. Studies on mountain meadows, in which the
decomposition was slow because of a cold cli-
mate, arrived at different conclusions. Here, the
mulched plant material persisted for more than
one growing season, so that its effect was ampli-
fied by its accumulation in the near-ground layer.
Experimental evidence proved the mulching of
mountain meadows as unsuitable, resulting in a
reduced plant species diversity and in the growth
and development of strongly competitive grasses
and forbs such as Deschampsia cespitosa, Hyper-
icum maculatum or Holcus mollis (Baker 1989,
Hamadejovd 2001, Klime$ et al. 2001a, 2001b,
Klimes$ and Kvét 2001, KlimeS and Vozenilkova
2001; Z. MaSkova unpubl. data). Leaving the
mountain meadows fallow, nevertheless, led to
a most pronounced decline of species diver-
sity associated with a marked increase in the
dominance of monocotyledonous plants. This
finding confirms earlier ones, published by Wil-
lems (1983), Armesto and Picket (1985) and
Tappeiner and Cernusca (1993), Spatz (1994),
Marriot et al. (1996), Zeleny et al. (2001), Laser
(2002), Tasser and Tappeiner (2002).
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Conclusions

Our findings stressed the importance of litter
for the reflectance of the grassland canopy. The
relationships between green biomass and NDVI
were statistically significant for all treatments
only during the period between the start and peak
of the growing season, when the respective plots
were mown or mulched. A statistically signifi-
cant linear relationship between NDVI and GR
was not detected in the mown and mulched plots
even during that period. But it in the unmanaged
plot this relationship was detected for the whole
growing season.

The NDVI can therefore serve for detecting
differences in the management of comparable
grassland stands only with limitations.
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