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Abstract The grass flora of Namibia (374 species in 110
genera) shows surprisingly little variation in 8!3C values
along a rainfall gradient (50-600 mm) and in different
habitat conditions. However, there are significant differ-
ences in the 813C values between the metabolic types of
the C4 photosynthetic pathway. NADP-ME-type C4 spe-
cies exhibit the highest 6!3C values (-11.7 %0) and occur
mainly in regions with high rainfall. NAD-ME-type C4
species have significantly lower 813C values (~13.4 %o)
and dominate in the most arid part of the precipitation
regime. PCK-type C4 species play an intermediate role
(=12.5 %0) and reach a maximum abundance in areas of
intermediate precipitation. This pattern is also evident in
genera containing species of different metabolic types.
Within the same genus NAD species reach more negative
O13C values than PCK species and 813C values decreased
with rainfall. Also in Aristida, with NADP-ME-type pho-
tosynthesis, 813C values decreased from —11 %o in the in-
land region (600 mm precipitation) to —15 %o near the
coast (150 mm precipitation), which is a change in dis-
crimination which is otherwise associated by a change in
metabolism. The exceptional C3 species Eragrostis wal-
teri and Panicum heterostachyum are coastal species ex-
periencing 50 mm precipitation only. Many of the rare
species and monotypic genera grow in moist habitats
rather than in the desert, and they are not different in their
carbon isotope ratios from the more common flora. The
role of species diversity with respect to habitat occupa-
tion and carbon metabolism is discussed.
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Introduction

Does the number of species make any difference to the
functioning of an ecological system or a region? This is
one of the key questions addressed by the Global Biodi-
versity Assessment of UNEP (Mooney 1995), but there
are very few data to clarify this issue (Schulze and Mo-
oney 1994). In this paper we use an apparently “simple”
system, namely the Namib desert and its transition to
subtropical grasslands and savannas, in order to investi-
gate whether the unusual diversity of grasses in this re-
gion (374 species in 110 genera) has led to a broader oc-
cupation of habitats and if this is related to the carbon
metabolism. The precipitation gradient in Namibia from
about 50 mm of rain and fog at the coast to more than
600 mm inland, gives rise to the hypothesis that without
differentiation into species exhibiting different physiolo-
gy grasses would not have been able to adapt to these
habitats. This would have left large areas as barren desert
along this climatic gradient.

The grass flora of Namibia is dominated by C4 grass-
es, represented by different physiological types (Ellis
1977a; Watson and Dallwitz 1989), and it has been
shown (Ellis et al. 1980) that an increasing rainfall is as-
sociated with an increasing contribution of the NADP-
malic-enzyme (NADP-ME) type of C4 photosynthesis,
while the contribution of the NAD-malic-enzyme (NAD-
ME type) type decreases, and the phosphoenolpyruvate-
carboxykinase (PCK) type shows a maximum contribu-
tion to the local grass flora at intermediate rainfall. Simi-
lar patterns were documented for South Africa (Vogel et
al. 1978), North America (Teeri and Stowe 1976), and
Australia (Hattersley 1983).

Despite knowledge about the general distribution of
photosynthetic types, it remains unclear whether this
change in physiology is associated with an ecological
change in functioning, such as habitat occupation and



competition. We do not know to what extent differentia-
tion of species is associated with a temporal or spatial re-
placement (Ehleringer and Monson 1993) of species ex-
hibiting differences in carbon assimilation along a cli-
matic gradient. A change in metabolic pathways may
also act in maintaining assimilation and transpiration at a
constant level even though environmental conditions
change from the coast, which is dry with respect to rain-
fall but humid with respect to air humudity, to the interi-
or of Namibia, which is moist with respect to seasonal
rainfall but dry with respect to air humidity (Schulze and
Schulze 1976).

The NADP type of C4 photosynthesis has the highest
quantum yield (Ehleringer and Pearcy 1983) and struc-
tures of the bundle sheath which lead to the lowest rate
of CO, leakage when compared to the NAD and PCK
type (Farquhar 1983). Nevertheless it is unclear to what
extent these differences become apparent in the carbon
isotope ratios, the 6!13C values, which respond also to sto-
matal closure and environmental stress (Farquhar and
Lloyd 1993). In contrast to C3 plants the 6!3C values of
C4 subtypes result from a change of several factors, in-
cluding (i) overcycling of the C4 pathway relative to
RuBP carboxylation in the C3 pathway, (ii) incomplete

OECOLOGIA 106 (1996) © Springer-Verlag 353

compartmentation of the C3 and C4 pathway between
mesophyll and bundle sheath cells, and (iii) properties of
the bundle sheath cell wall (e.g. by suberization). The net
result of any of these factors is a back-diffusion of CO,
from the bundle sheath to the intercellular spaces (leaki-
ness) which results in a lower efficiency of CO, assimi-
lation in NAD and PCK species as compared to the
NADP type (Ehleringer and Pearcy 1983). Thus CO,
leakiness overlays the relation between 6'3C values and
stomatal conductance because it may change the 8!3C
value without a change in conductance (Farquhar 1982).
Leakiness may (Buchmann et al. 1995) or may not
(Evans et al. 1986) change with stress. In addition, post-
gas exchange effects on 6!3C values need to be consid-
ered (G. Farghuar, personal communication).

Based on these considerations, we (1) measure carbon
isotope ratios and correlate these with species related
traits (such as C4 type and growth form) and environ-
mental parameters (such as precipitation and soil condi-
tions) for all species of the Namibian grass flora, and (2)
investigate the strategies of speciation and site occupa-
tion in different environments for selected genera that
contain large or small numbers of species of contrasting
physiotypes.

Fig. 1 Vegetation and rainfall
map of Namibia (after Besler 10«,\0 200 300
1972; Miiller 1985) 71
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The Namib desert
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The Namib desert is one of the most extreme deserts in
the world (Fig. 1; Walter 1964). There is almost no rain
and only fog at the coast with maximum daily summer
temperatures of 19°C, the upper range of temperatures
where C3 plants contribute to a mixed C3/C4 flora (Hat-
tersley 1983), and where effects of minimum tempera-
ture (10°C at the coast) on C4 metabolism cannot be ex-
cluded (Ellis et al. 1980). Although total precipitation is
low at the coast (about 50 mm), there is moisture avail-
able throughout the year due to fog precipitation and va-
pour pressure deficits are generally low (Walter 1964).
Inland temperatures increase and reach about 30°C max-
imum summer temperatures about 50 km from the coast.
In this region temperatures are well within the range re-
ported by Hattersley (1982) for dominance of a C4 flora.
Total precipitation initially decreases with distance from
the coast to about 20 mm due to decreasing contribution
of fog and very high vapour pressure deficits (Besler
1972). Adjoining this coastal desert, there is a fringe of
subtropical semi-desert grassland (100-300 mm rainfall)
which exhibits a seasonal climate with a distinct dry and
wet season, and great variability in yearly rainfall. Years
with no rain may alternate with relatively high precipita-
tion. Rainfall progressively increases eastwards with ele-
vation of the escarpment and vegetation changes into a
savanna (300-600 mm rainfall) and a deciduous forest
(>600 mm rainfall; Giess 1971; Ellis et al. 1980; Schulze
et al. 1991). The increase in rainfall is associated with
constant or decreasing summer temperatures at increas-
ing elevation in the hinterland to almost 2000 m above
sea level. At the same time, the inland climate is charac-
terized by one or two distinct dry seasons. While the
north of Namibia has a typical subtropical summer rain-
fall climate with bimodal rainfall distribution, the south
extends into the winter rainfall region (Walter 1964).

Namibia is noted for its diverse flora, with numerous
endemics in most plant families (Merxmiiller 1970;
Miiller 1985). The grass flora is especially diverse con-
taining 374 species in 110 genera in an area of about
800 000 km? (Gibbs Russell et al. 1990). There are only
seven genera which contain more than 10 species, with
Eragrostis containing 53 species, and with Stipagrostis,
Sporobolus and Panicum containing between 20 and 25
species each. In contrast to these species-rich genera
there are 58 genera with only one species present.

The anatomy of these grass species has been docu-
mented by Ellis (1977a,b, 1984a,b, 1988). The distribu-
tion of the different species in the floral regions of Na-
mibia is documented in Merxmiiller (1970), Ellis et al.
(1980), and Miiller (1985). The ecological requirements
of most species has been studied for farm management
purposes (Walter and Volk 1954; Volk 1974; Miiller
1985). For rare species the information is still very limit-
ed. This study completes these data sets from our own
observations and summarizes the diverse sources of in-
formation concerning the physiology and ecology of this
unique grass flora (see Appendix).

Materials and methods

It is not possible to characterize each of the 374 grass species with
respect to geographical variation of its carbon isotope 613C ratios
in combination with local climatic and edaphic conditions. It is
known that the 8!13C value may change within a species by about
+ 2 %o due to local growing conditions (Ehleringer et al. 1993). In
contrast to studies which focus on few species, we analyse only
one or a few 613C samples per species, and compare species with
respect to growth form and typical distribution.

Grass samples were collected during an expedition to Namibia
in 1975 (about 50% of the species, including multiple samples per
species). Additional grass samples were taken from herbarium
specimens from the “Bayerische Staatsherbar” in Munich and
from the South African National Herbarium in Pretoria. The sam-
ples taken in the field and in the herbarium represent typical
growth sites of the species in Namibia. Repeated samples taken for
widely distributed common species from different locations exhib-
it a standard deviation of + 0.63 %o (n = 15 species with 2-7 sam-
ples per species). The absolute range of 8!3C per species was be-
tween —12.82 % and —13.68 %o in Stipagrostis uniplumis (n =7
habitats), —12.01 %o and —12.75 %o for S. hirtigluma (n = 5 habi-
tats), and —11.88 %o and —14.43 %¢ for Melinis repens (n = 5 habi-
tats). Since the main emphasis of the study is a comparison of spe-
cies traits (annuals vs perennials), growth conditions (rainfall de-
pendency, soil type), and successional stage (pioneer, late succes-
sional “climax” species) in most cases a single measurement per
species was used. Thus, in this paper, each data point represents an
individual species, and averages of 8!13C values refer to averages
of 813C values found in different species.

Nomenclature of the grass species follows Gibbs Russell et al.
(1990). Habitat conditions for each species were characterized
from the literature (e.g. Merxmiiller 1970; Ellis 1977; Ellis et al.
1980; Vogel et al. 1978; Miiller 1985) and personal knowledge of
the Namibian grass flora (R.P. Ellis). We distinguish the following
criteria for the area of distribution of all species:

1. Minimum, maximum and common rainfall

2. Summer and winter rainfall

3. Rain dependence (dependent/independent i.e. growth only in

wet or also in dry season)
. Edaphic conditions (sand, clay, rock, moisture, salt)
. Early, intermediate, and late successional species
. The vegetation type
. The growth form (annual, perennial)

The species were classified according to different physiologi-
cal types of C4 photosynthesis following Ellis (1977a,b, 1984a,b,
1988) and Watson and Dallwitz (1989). The present classification
is based on anatomical and physiological features (see Hattersley
1992). We distinguish between:

1. The NADP-malic enzyme physiology with a single Kranz
type bundle sheath and no suberine lamella (referred to as NADP
species).

2. The NADP-malic enzyme physiology in the genus Aristida
(referred to as Aristida NADP), which exhibits a double layer of
bundle sheath cells in contrast to other NADP species.

3. The NAD-malic enzyme physiology with a double bundle
sheath (the outer being the Kranz) and centripetal arrangement of
chloroplasts in Kranz sheath cells (referred to as NAD species),
and a suberine lamella on the mestome sheath separating bundle
sheath and vascular system.

4. The phosphoenolpyruvate carboxykinase (PCK)-type physi-
ology with a double bundle sheath, the outer Kranz with centrifu-
gal arrangement of chloroplasts (referred to as PCK species), and
two suberine lamellas on both sides of the bundle sheath and a
mestome sheath separating the bundle sheath from the vascular
system.

5. C3 physiology without Kranz anatomy.

It is known that the anatomical differentiation does not corre-
late with the physiological classification in all cases of NAD and
PCK type species (Prendergast and Hattersley 1987; Prendergast
et al. 1987). This was also true in this study in the genera Chloris,
Diandrochloa, Enneapogon, Eragrostis, Microchloa, Panicum, and

~1 O\ B



Triraphis (see Appendix). Pendergast et al. (1986) report that in
most of these cases the physiology follows the NAD type. For the
large number of species investigated in this study these “excep-
tions” do not change the overall interpretation (see also Table 1).
We will use our own anatomical observations in cases of discrep-
ancies with Watson and Dallwitz (1989).

The carbon isotope ratios (8!3C values relative to PDB stan-
dard) were determined according to Osmond et al. (1975) using a
Heraeus CHN rapid elemental analyser coupled on-line to a trap-
ping-box-gas-isotope-mass spectrometer system (Finnigan MAT
Delta S). The error of determinations is + 0.1 %e¢ external preci-
sion.

For data analysis the tabulation programme Excel and for sta-
tistical analyses (one-way ANOVA) SPSS statistical programs
were used. A complete list of the primary data of isotope measure-
ments, the photosynthetic types and the habitat conditions is sum-
marized in the Appendix. In cases where repeated measurements
were made for samples from different locations but using the same
species, average values are listed in the Appendix.

Results
Comparisons based on the whole grasss flora

The different types of CO, fixation resulted in significant
differences in the 8'3C values between C3 and C4 as
well as within C4 species (Table 1). C3 plants exhibited
about 14 %o lower 8'3C values than C4 species. The low-
est C3 o13C value (-30.6 %0) was found in Oplismenus
burmanii, a rain-dependent annual (Paniceae) growing in
shade habitats in the 500 mm rainfall region, while the
highest C3-313C value (-23.3 %¢) was found in Ehrharta
thunbergii, a rain-dependent annual (Bambusoideae)
growing on sand in the 50 mm rainfall region.

Within the C4 species the 813C values differed signifi-
cantly (P < 0.05) between the different physiological
types. The average 8!3C value was lowest (most nega-
tive) in NAD species. Within this group the lowest 613C
value (—16.3 %0) was found in Tripogon minimus, a rain-

Table 1 Average values of §!13C values %o PDB carbon discrimi-
nation, standard deviation (SD) and number of investigated spe-
cies (n). The C4 types were classified according to anatomical and
physiological criteria into NADP-, NAD- and PCK-type species
with Kranz (K) anatomy of pyruvate species (PS) or malate
species (MS) and C3 species. Aristida was treated separately be-
cause of its anatomy. Letters indicate significant differences
(P<0.05, t-test)

Photosynthesis type §13C SD =n maximum minimum
value

C3 type 2660 1.7 40 227 -30.6

C4 Anatomy

K-PS-NAD -13.4> 09 130 -l11.2 -16.3

K-Aristida-NADP ~ —12.8¢ 0.9 16 -11.0 —-15.1

K-PS-PCK -12.5¢ 0.8 81 -11.1 -14.6

K-MS-NADP -11.74 09 104 -10.0 -13.9

C4 Physiology

NAD-ME ~13.3b 1.0 147 -11.2 -16.3

PCK -12.5¢ 08 60 -11.1 -14.6

NADP-ME -11.8¢ 1.0 119 -10.0 -13.9

Type unknown 3

Total 374

OECOLOGIA 106 (1996) © Springer-Verlag 355

dependent perennial (Chloridoideae) growing on rocks at
100 mm rainfall, while the highest value (=11.2 %o) was
observed for Enteropogon prieurii, a rain-dependent an-
nual (Chloridoideae) growing in moist habitats at
600 mm rainfall.

The 8!3C values of NADP species were on average
1.6 %o higher than in NAD species. The lowest value
(~13.9 %0) was found in Bothriochloa radicans, a rain-
dependent late successional perennial (Andropogoneae)
in the 500 mm rainfall region, while the highest 8!/3C
value (—10.0 %c) was found in Digitaria eriantha, a rain-
dependent late successional perennial (Panicoideae) in
the 400 mm rainfall region.

The &'3C values of PCK species were intermediate
between NAD- and the NADP-type photosynthesis. The
lowest value (~14.6 %0) was found in Chloris virgata, a
rain-dependent annual of disturbed habitats at high rain-
fall, while the highest value (—11.1 %o) was found in Bra-
chiaria dictyoneura, a rain-dependent late successional
perennial at high rainfall (Panicoideae).

Aristida forms a morphologically and anatomically
distinct group within the NADP species (Clayton 1981;
Watson and Dallwitz 1989), which exhibited 86!3C values
that were on average 1.1 %o lower (more negative) than
the “normal” NADP species. The 6!3C values of Aristida
covered the whole range between the NAD and the
NADP type with lowest values matching NAD species
(~15.1 %o) in the rain-dependent annual Aristida parvula
at 100 mm rainfall, and maximum values similar to “nor-
mal” NADP species (~11.0 %o) in A. junciformis a peren-
nial of wet habitats at high rainfall.

The total number of grass species increased almost
exponentially with rainfall (2 0.77, a = 2.66 for y = exx;
Fig. 2A). The increase in species numbers with rainfall
was mainly caused by an increase in grass genera, rather
than species per genus (Ellis et al. 1980). For instance,
the 61 rain-dependent NADP species, which were found
at more than 400 mm rainfall, belonged to 43 genera.
Species composition representing different anatomical
types of C4 photosynthesis changed dramatically with
precipitation (Ellis et al. 1980). C3 species occurred in
the coastal winter rainfall area (40% of the coastal flora).
They were absent in the 200 mm rainfall area of subtrop-
ical grasslands, and they contributed about 10% of the
inland summer rainfall flora (Fig. 2B).

The NADP-type grasses, which reached the highest
O"3C values, were absent at the coast and very poorly
represented in the very hot and dry grassland at 200 mm
rainfall, but contributed up to 40% of the flora inland at
higher rainfall. In contrast, the NAD-type species with
the Towest 813C values contributed the largest fraction of
the coastal grass flora and dominate in the extremely hot
and dry subtropical grasslands of the desert fringe. The
relative proportion of NAD species reached more than
60% of the flora between 200 and 300 mm rainfall. The
absolute number of NAD species increased up to
450 mm rainfall, but decreased further inland when the
NADP species reached a maximum (Fig. 2A). The PCK
type was similar to the NADP type except that it contrib-
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tion. (Vertical bars are standard errors)

uted a larger fraction of the coastal grass flora than the
NADP type and the PCK type was also less diverse than
the NADP type in the inland region. The distribution of
physiological types was similar to the distribution of C4
grasses in Australia (Hattersley 1993; Henderson et al.
1994), except that the contribution of the NAD type was
higher in the Namib, and the increase of NAD at low
rainfall (50-200 mm rain) was not observed in Australia.

The average 8!13C values (Fig. 2C) within each physi-
ological type showed only a minor trend of an increase
with rainfall although the differences between physiolog-
ical types were obvious. Only the NADP Aristida type
showed a marked increase of 613C values with rainfall.

(3 species at the coast experience not only low pre-
cipitation but also lower temperatures and evaporative
demand, and winter rainfall. The fraction of C3/C4
plants at the coast matched the fraction reported by Hat-
tersley (1983) at 19°C. The increasing number of C3
species at high rainfall was due to weedy species on sites
of disturbance by grazing, and due to species occupying
wet and shady habitats.

The relative small response in 8!3C values for all
three C4-types along such a broad range of precipitation
might have resulted from averaging of different habitats
and growth attributes. We therefore investigated the vari-
ation in 8!'3C values along the rainfall gradient in greater
detail by distinguishing between annual and perennial as
well as between rain-dependent and rain-independent
species. Effects of habitat conditions were also consid-
ered (Table 2).

About half of the C3 species occurred in the coastal
desert (Table 2). There were slightly more annual than
perennial C3 species, and more than half of the C3 spe-
cies were rain independent (i.e. growing on wet sites),
especially at higher precipitation. The largest number of
the Namibian grasses are of the NAD type with annuals
contributing to about 34% of the NAD-type flora; 25%
of the NAD species were rain-independent. The PCK
flora contribution contained more annuals (43% of total
PCK species number), and a higher proportion which
was rain-independent (40%). In contrast, in the NADP-
type flora annuals contributed less than 30%, but also
40% of the NADP species were rain-independent. The
difference in species number between NAD and NADP
species (131 vs 103 species) was mainly due to 25 NAD
species occurring only at less than 100 mm rainfall
where NADP species failed.

In all physiological types no interaction of 8!3C val-
ues between rainfall and rain-dependence was found. All
rain-independent annuals and perennials grew in moist or
wet habitats, explaining their insensitivity to rainfall.
However, the rain-dependent annuals also did not show a
response in 8!3C values to rainfall except for rain-depen-
dent C3 species which had slightly (P = 0.07 for annu-
als) or significantly (P = 0.01 for perennials) higher 613C
values than rain-independent species (+0.64 %o¢). In PCK
species an interaction between rainfall and growth form
was also significant (P = 0.04) with lower 8!3C values in
rain-dependent annuals at high rainfall. In general, the
rain-dependent annuvals grew in sheltered or disturbed
habitats or on sand whenever moisture was available.
This may explain a lack of significant differences of §3C
values between these rain-dependent and rain-indepen-
dent annuals or perennials.

Since growth form and rain dependence did not show
significant variation along the rainfall gradient, we inves-
tigated the effect of substrate and of successional stage
on &13C values (Table 3) and species numbers. NAD spe-
cies reached a maximum of species number on sandy
soils. PCK and C3 species reached highest numbers in
moist habitats. This also held for NADP species which
reached highest numbers in moist habitats or in late suc-
cessional types of vegetation. However, there was no sig-
nificant effect of habitat or successional stage on the
613C value of NAD or NADP species (Table 2). Only in
PCK species, there were significantly higher 8'3C values
in species growing on clay as compared to species grow-
ing on disturbed sites. The variation was greater in C3
species, where species on sand had significantly more
negative 813C values in wet habitats than in disturbed or
shady sites.

Effects of variation in photosynthetic types
within grass genera on 8'3C values

There were no grass genera in which C4 photosynthesis
varied between NADP and non-NADP types. The NADP
type of C4 photosynthesis was thus very conservative



Table 2 Carbon isotope ratios of annual and perennial grass spe-
cies at different precipitations for different metabolic types of C4
metabolism (NADP-ME, NAD-ME, PCK) and for C3 grass. The
first column shows the average for all species for a given metabol-
ic type or a given rainfall. Annual and perennial species are divid-
ed again into rain-dependent and rain-independent species. The
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first column summarizes the rain-dependent plus the independent
types. Only in the PCK type was the effect of growth form on §13C
significant (ANOVA). 6'3C values in %o, av average values, n
number of observations. For a few species the available informa-
tion on photosynthetic type (3), or on growth form or habitat pref-
erence (7 species) remains unknown, although the §13C values
were measured. These data are listed as “incomplete”

Type Precip- Total average Annual Perennial
itation
(mm) Total rain Rain Rain Total rain Rain Rain
Dependent and dependent independent Dependent and dependent independent
Annual and perennial  independent independent
av. SD n av. SD n av. n av. n av. SD =n av. n av. n
C3 av. ~26.6 1.7 40 271 20 22 268 12 -275 8 260 10 18 256 7 -263 11
50 262 2.0 18 265 22 12 -260 9 -28.1 3 256 14 6 254 5 =267 1
150 -29.2 1 292 1 -292 1 0 0
250 0 0 0 0 0 0 0
350 -26.7 1 =267 1 0 267 1 0 0 0
450 -26.8 1.2 3 270 16 2 281 1 -259 1 ~26.4 1 -264 1
550 268 1.4 15 284 1.8 4 297 2 -27.1 2 =262 08 11 -260 2 -262 9
Incomplete 2 =274 2
NAD av. -13.4 0.9 131 -133 1.1 45 -134 35 -13.1 10 -134 08 8 -133 59 -13.6 23
50 -134 06 25 -133 05 8§ 131 6 -138 2 -135 07 17 -134 15 -13.8 2
150 -13.6 0.8 18 -135 05 7 -135 7 0 -136 10 11 -137 8 -134 3
250 -13.2 09 21 -12.8 1.3 4 -138 2 -11.8 2 ~-132 08 17 132 15 ~-135 2
350 -13.6 1.1 29 -134 13 16 ~135 12 -132 4 -138 09 13 137 7 -13.8 6
450 -13.5 09 9 -135 14 3 ~-135 3 0 -135 07 6 -129 3 -140 3
550 -132 09 25 -133 1.3 7 -131 5 -138 2 -132 07 18 -13.1 11 -132 7
Incomplete  —13.8 4 -150 2 -12.7 2
PCK av. -125 0.8 81 -127 09 35 ~-129 20 -125 15 -123 06 46 -124 28 ~12.2 18
50 -12.8 04 4 -131 04 2 -131 2 0 -126 02 2 -125 1 -12.7 1
150 -13.3 1 0 0 0 -I133 1 -133 1 0
250 -12.8 0.8 11 -13.0 038 6 132 3 -128 3 -126 08 5 -126 5 0
350 -124 05 19 -124 06 13 127 6 -12.1 7 =124 04 6 -124 3 -123 3
450  ~12.6 1.1 2 -132 14 6 -137 4 -12.1 2 -12.1 05 6 -122 5 -11.5 1
550 -124 0.9 34 127 09 8§ 125 5 -132 3 -123 06 26 -123 13 -12.2 13
NADP av. -11.7 09 103 -11.6 07 25 —-11.7 18 -5 7 -11.7 09 78 —117 43 -11.7 34
50 -12.8 1 0 0 0 -128 1 0 -12.8 1
150 -125 1 0 0 0 -125 1 -125 1 0
250  -114 09 8 ~10.8 1.2 2 -108 2 0 -11.6 038 6 -116 6 0
350 -119 1.0 1s -11.8 15 5 -118 5 0 -119 12 10 -11.7 8 -13.0 2
450 -12.2 08 13 -123 04 6 122 5 -12.7 1 -122 1.0 7 -124 6 -11.2 1
550 -11.5 0.8 64 -113 06 12 -114 6 -113 6 -116 09 52 -11.5 23 -11.6 29
Incomplete  —11.3 1
NADP av. -12.8 0.9 16 -13.2 09 8§ 132 6 -132 2 =125 09 8 -126 6 -12.0 2
Aris- 50 143 1.1 2 151 1 -151 1 0 -135 { -135 1 0
tida 150 0 0 0 0 0 0
250 -13.1 0.6 4 -132 07 3 132 3 0 -128 1 -12.8 1 0
350 -12.7 08 4 ~13.0 08 2 -130 2 0 -123 09 2 2 0
450 -13.1 1 0 0 0 -131 [ 0 -131 1
550 -12.1 0.7 5 125 2 -125 2 0 -119 09 3 -119 3 0
Incomplete  —12.7 3

(Hattersley 1992). In contrast, there were several genecra
in which species within the same genus are either of
NAD- or PCK-type anatomy, and there were a few cases
where NAD and PCK genera contain rare C3-type spe-
cies. These exceptions were Panicum heterostachyum
and Eragrostis walteri which were previously recognized
as C3 species (Ellis 1984a).

In Eragrostis (53 species) 80% of the species were of
the NAD type and about 20% PCK type (see Appendix).

In Sporobolus (23 species) and Panicum (21 species)
about half of the species were either NAD or PCK type.
We investigated the conditions under which species ex-
hibited this change in photosynthetic type. In all three
genera PCK metabolism was restricted to more than
200 mm precipitation (Fig. 3), although PCK species oc-
curred in other genera along the whole rainfall gradient.
Independent of the metabolic type, there was a general
increase in &!3C values with increasing precipitation es-
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grasses. [Significant differences (¢-test) within a column and for a
metabolic type are indicated by different letters, av. average val-
ues, n number of observations]

Table 3 Carbon isotope ratios (613C values in %o) related to habi-
tat conditions and successional stage for the different metabolic
types of C4 metabolism (NADP-ME, NAD-ME, PCK) and for C3

pecially for PCK species and for Aristida. The differ-
ences between species of PCK and NAD metabolism
were largest at high rainfall.

The ecology of monospecific Namibian grass genera

There are 58 genera in the Namibian grass flora which
are monospecific, i.e. they are represented by just one
species in Namibia (see Appendix). This fraction was
largest in C3 species (33% of the C3 species), and be-
came smaller in NADP (19%), PCK (12%) and NAD
species (11%). Some of these genera are not only mono-
specific in the Namibian flora but contain only one spe-
cies in the whole genus (Enftoplacamia, Leptocarydion,
Vossia, Tarigidia, Kaokochloa, Oryzidium). In fact, the
majority of the monospecific Namibian genera were spe-
cies-poor genera. About half of these monospecific gen-
era occurred in moist or saline habitats (30 species) in
the high rainfall range above 400 mm rain. Only 5 out of
44 monospecific C4 genera, but 8 of the 14 monospecific

C3 genera were found in the coastal desert. Despite the
relative preference for moist habitats in the high rainfall
region, in C4 genera there was no obvious difference in
the 813C values between these monospecific genera and
the rest of the species of the respective metabolic type.

Discussion

The results show that (1) there are inherent differences in
d13C values between metabolic types of C4 photosynthe-
sis (Table 1, and Farquhar 1982), (2) 613C values of dif-
ferent metabolic types and species sampled from their
central range of distribution were quite insensitive to
precipitation and habitat conditions including soil type,
salinity and drought, (3) species exhibiting C4 metabo-
lism with lowest leakiness (NADP type) occurred in the
high and not in the low rainfall regimes, (4) genera
switching between metabolic types changed towards C4
types with higher leakiness at low rainfall, and (5) end-
emism was centred in the high rainfall area on moist

Habitat NAD PCK NADP NADP-Aristida C3 species
av. SD n % av. SD n % av. SD n % av SD n % av SD n
Sand -13.37 074 47 36 -12.64 062 12 16 -11.38 066 7 7 -11.93 1 6 -25122 130 7
Clay -1293 001 2 2 -11.88 052 6 8§ 0 0 0
Rock, gravel — ~13.36 098 17 14 -1264 050 9 12 -11.80 113 5 5 0 -26.96 1
Moist -13.14 1.15 23 18 -12.31 0.52 23 30 -11.74 097 36 36 -1263 1.14 4 25 -26.85> 123 17
Salt -13.61 092 14 11 -12.69 I 1 0 0 0
Disturbed -13.64 124 9 7 -13.16> 125 8 10 -1163 070 6 6 -12.82 0.58 6 38 -—28.84bc 094 2
Late succession —13.28 0.86 3 2 -12.05 0.69 8 10 -11.94 0.79 29 29 -12.81 0.04 2 13 0
Shade -1329 045 2 2 -13.70 1 1 -11.79 036 5 5 0 -29.28 1.17 4 9
Incomplete -13.06 1 -13.01 9 5 -11.78 0.71 15 -1342 1.69 4 -2525 194 4 18
Fig. 3 Carbon isotope ratios Precipitation (mm)
(813C values in %o) of different
grass genera which contain 0 100 200 300 400 500 600
species of different metabolic 10 I ! | L 1 )
types related to precipitation
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soils where competition would be expected to be largest
(this contrasts with the findings of Pate and Hopper
1994). The observed increase in species diversity with
increasing rainfall in Namibia was not a result of in-
creasing disturbance by grazing, but an inherent property
of this grass flora (Ellis et al. 1980).

The differences in carbon isotope ratios of the C4
types result from differences in leakiness for CO, due to
imbalances between CO, assimilation by PEP-carboxyl-
ase (C4 cycle) and the photosynthetic carbon reduction
by RubP-carboxylase (C3 cycle), and the cellular differ-
entiation and compartmentation between mesophyll,
bundle sheath and vascular system (Hattersley 1992). In
the NAD type, decarboxylation of the organic acid takes
place in the cytoplasm of the bundle sheath cells. In this
case by back diffussion the CO, enrichment in the chlo-
roplast seems not to be as high as in the case of a chloro-
plastic NADP-type decarboxylation. The PCK decarbox-
ylation plays an intermediate role for unknown reasons.
Any of these factors will cause a decrease in assimilation
efficiency, e.g. as measured by quantum yield (Ehlering-
er and Pearcy 1983). Stomata may compensate a poten-
tial change in intercellular CO, by opening or closure.
Thus, the &3C value in C4 plants results from both
changes in leakiness and stomatal response. An apparent
insensitivity of the 013C values to rainfall was predicted
by Farquhar (1982) for a leakiness of 0.4. Thus, the in-
terpretation of changes in 33C values with rainfall will
depend on the absolute range at which these changes
take place. If we take into account the &'3C values of the
atmosphere (~7.8 %) and the fractionation by diffusion
of CO, in air (—4.4 %o), then only for §!3C values that are
more negative than —12 %o and at constant high leakiness
(>0.4), would stomatal closure result in an increase in
the 6!3C value (similar to C3 plants). In contrast, for
S13C values more positive than —12 %o and an associated
leakiness of <0.4, stomatal closure would result in more
negative 8'3C values (opposite to C3 plants). We also
have to consider post-gas exchange effects, such as lig-
nification of woody tissues in perennial grasses. Howev-
er, most processes in secondary plant metabolism would
increase rather than decrease the 813C value. Gebauer
and Schulze (1991) show for trees that needles had
1-2 %o lower 813C values than twigs. Thus if post-gas
exchange effects have taken place, then the “real” §13C
value of photosynthesis is most likely even more nega-
tive than measured in leaf tissue.

The average 613C values of the Namibian NAD, PCK,
and Aristida species were more negative than —12 %e.
Only NADP species reached values less negative than
—12 %o. Leakiness was 0.2-0.3 in NADP species (Far-
quhar 1983), but reached values of 0.45 (sun leaves) and
0.75 (shade leaves) in NAD species (Buchmann et al.
1995). Considering the range of 813C value and the leaki-
ness of NADP species, and the fact that leakiness may
increase by 0.1 due to water stress affecting the 613C val-
ue by 0.7 %o (Buchmann et al. 1995), the slight decrease
in 813C values of NADP species at low rainfall may indi-
cate stomatal closure by stress, possibly due to salinity in
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wet habitats (Fig. 2, Table 2). This appears to contrast
with the other metabolic types, which operate at 8!3C
values more negative than ~12 %o. In this case the 813C
values become more negative at low rainfall, which
would either indicate increased leakiness with stress at
constant stomatal opening, or that stomata are more open
at the coast than inland. We cannot distinguish between
these possibilities without further measurements.

It seems useful to inspect the habitats and growth con-
ditions more closely for further interpretation. We com-
pared species in their “typical” habitat, which may be the
optimum of the range of distribution for that species.
One possible explanation for the small response in the
013C value may be that the active phase of growth for
each species is restricted to a period whenever water is
sufficiently available. This is quite obvious for rain-de-
pendent annuals, and for rain-independent species in
moist habitats. The 813C values seem to suggest that the
rain-dependent perennials generally escape drought in
some dormant state, and restrict the active phase of car-
bon fixation to a period whenever water is available. This
does not exclude the possibility that within a species, fa-
vourable and unfavourable conditions of more or less ex-
treme habitats may result in a variation of 813C values. A
remarkable insensitivity to rainfall was described for
C3/C4 shrubs on Hawaii (Robichaux and Pearcy 1984).

In the inland region rains occur as summer rains when
temperatures and vapour pressure deficits are high. Even
at bimodal precipitation of more than 400 mm, the vege-
tation will experience short-term dry periods (days),
which may cause stomata to close. In addition, the sum-
mer rain periods are separated by distinct dry periods.
Disturbances and local habitat conditions will modify
water availability. Conditions are different in the coastal
desert. Although rainfall is low, the temperature and va-
pour pressure deficit is lower than inland, and there may
be little but continuous moisture available at all seasons
due to fog and winter rain. The most extreme situation,
however, is found in the subtropical grassland, where
rainfall is low and variable, and temperatures and vapour
deficits are high.

The NADP species with their most effective CO,-cap-
turing system are found only at high rainfall. They seem
to maintain stomata more open under these conditions
than at low rainfall. The NADP species are late succes-
sional species which may extend their physiological ac-
tivity into the dry season. They also use nitrogen more
effectively (Ehleringer and Monson 1993). In contrast,
species with high intrinsic leakiness (NAD, PCK type)
are restricted to disturbed habitats or to niches of high
local water availability, such as sand, or rock, or shade,
where they successfully compete against the dominant
NADRP flora. The NAD and PCK type is more dominant
at low rainfall; however, under these conditions the
majority of these species are rain dependent. With lower
vapour deficits these species would possibly have stoma-
fa more open at the coast than in the inland savanna.
Also the C3 species gain dominance in the coastal region
exhibiting &!3C values which would be typical for fairly
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open stomata. This interpretation, however, does not ex-
plain why the NADP species are not dominant in the
200-300 mm rainfall region of subtropical grassland,
which is a hot and dry transition zone between coast and
inland dominanted by NAD-type grass cover.

The Aristida NADP type seems to be an exception
from the general NADP pattern, in that Aristida exhibit-
ed very low 8!3C values close to the coast. This genus
occurs at lower rainfall than any other NADP species. It
may be that this C4 type, which has been classified only
by leaf anatomy, does not perform NADP-type photosyn-
thesis along the whole rainfall gradient. The anatomical
feature of a double layer of bundle sheath cells in Arist-
ida (Watson and Dalwitz 1989) may point at a physio-
logical transition in this genus. Aristida seems thus to re-
present a case of adaptive radiation of NADP-type spe-
cies into the coastal low rainfall and temperature regime,
which would conform with the evolutionary history of
this genus, which is distinct from the other NADP spe-
cies (Clayton 1981). The behaviour of Aristida could in-
dicate that NAD-type metabolism is of advantage in
coastal climates.

With respect to the endemic monospecific genera it is
surprising to see that they do not occupy extreme habi-
tats, or exhibit extreme 8'3C values. The majority of
these species seem to have retreated to the few moist
habitats in an otherwise dry landscape despite obvious
competition in this niche (effects of salt cannot be ex-
cluded for moist habitats in a semi-arid climate). These
species seem to indicate a more favourable climate in the
vegetation history, rather than an adaptation to the pres-
ent conditions of drought. The conditions are different
for the coastal C3 species, which are unique to this fog
desert.

It appears that the NAD-type speciation reflects a ra-
diation to the low rainfall part of this transect as a result
of the “lost” competition at high rainfall. With lower ni-
trogen requirements (Penning de Vries and Djitéye
1982), higher quantum yield and a more efficient internal
carbon economy, and higher contents of tannin-like sub-
stances in leaves (Ellis 1990), the NADP-type species
dominate the high rainfall area where these species com-
pete with the woody vegetation in forming the typical fa-
cies of a savanna (Ehleringer and Monson 1993). It is
possible that there is a trade-off between low rainfall and
high air humidity which favours the NAD-type metabo-
lism in coastal regions. Since speciation took place in
rain-dependent and rain-independent NAD species, it is
not just drought tolerance which determines this segrega-
tion of habitats. The utilization of short rain events
would require more open stomata and this would be
more likely in the coastal desert.

With regard to the initial question as to whether it
matters how many species occur, we present evidence
that species diversity is important for this region. First of
all the moist habitats maintain a reservoir of species that
seem to have evolved in and that are adapted to more hu-
mid conditions, and it would be this reservoir of present-
ly rare species that could gain dominance if climate

changed to wetter conditions. Secondly, with respect to
the fog desert, there are 29 new NAD-type species and a
unique group of C3 species which only occur in the dry
coastal desert, which do not extend inland, and which are
an essential basis for the Namib desert ecosystems.
Thirdly, the subtropical grassland is occupied by a very
small number of grasses as sole vegetation cover. The
geographical distribution of grasses in Namibia demon-
strates that species do matter in ecosystem functioning.
Without C4 species parts of this country would be barren
desert (the present sub-tropical grasslands), other parts
would have a cover of woody species if the grasses were
absent, and the cover of woody species would probably
increase if the NADP-type species were replaced by
NAD species.

Acknowledgements We acknowledge the help of the National
Herbarium in Pretoria and the Staatsherbar Miinchen in supplying
material of species for analysis which we could not obtain in the
field. E.D.S. thanks his wife Inge for help in collecting the initial
set of grass species in 1975 and O.H. Volk for his introduction to
Namibia.



361

OECOLOGIA 106 (1996) © Springer-Verlag

Ioouoid ‘epeys #1019 [enuue P s 00¢  00S 00T SIDd-70 MOd-Sd-3 867 €I~ vX2}fop PLIVIYODLY
UOISSadINS Iey ?D:mm 1 EEE@HOQ P S 009 MOodPD MOd-SdA SO'1l—- N&\ESQN.EQ vUDIYIDIG
aAydorpAy ¥l [ewuared 1 § 009 0d-+D MDd-Sd- §9'TT- DIDBLID DIDIYIVAG
¥1 Tl
UOISsa00NSs d1e| ‘Ae]d ‘I1°g‘9  reruuarad p s 00S  00S 00T HW-dAYN-VD dJdAVN-SIW  ¢8¢I- SUDIIPDL DOJYIOLIYIOG
UOISS00NS 91e] ‘ABD ¥1°21 ‘6 [eiuuated p $ 009 009  00€ HA-dAVYN-FD dAVN-SIN-M  9L1i- DIAMOSUL DOJYIOLYIOG
sIeIIqRY IS0t vi [euuered I s 009 AN-dAYN-YD  JAVN-SIN- ¢vel- uypolq DOYI0LYIOY
a14ydospdy 01  [lewuased I M s 009 009  00¢ €D MU 984T xpuop opunsy
[108 Au03S [T [eruuased p 5 00F 00§ 00€  AN-dAVYN-¥D DPUSLY-S 6911~ DISIA DPUSLY
pues P1 ¢l [enuue p $ 009 AN-dAVYN-7O DpUSLY-Y 6y TI- saprodus vpusLy
pues yl-gi  leuwored p s 009 009  00€ HW-dAVN-¥D DPUSLY-N €6 TT— D1opdis DPUSILY
20URqIISTP 4l Jenute p s 009 HN-dAYN-7D PpUSLY-N  LyTl- SIA[DALIGIS DPIISILY
pues 1 °CT ‘116 [enuue p s 0S¢ 00§ 00T  AWN-dAVYN-¥O ppusHy-s QLTI DOJYIONUIYL DPIISTAY
syeaIqey 1s10t v1el  [ewuared Tp s 00§ 009  00F HW-dAVYN-+D PpUsSUY- OTCl- 1aspd npusiy
surejd [oaeJ3 9 ¥ 1 [enuue p M s 001 00 0% HN-dAVYN-+D DPUSLY-IL 90°ST~ vpnadnd ppusLy
Goﬁmmuoosm 32 ,@:mm 1 EWEGDHDQ P S 009 mzunHQ{Z:.vU vpusiAyY-y .vw.Nﬂl DuIss1jjous opusiey
Pl €l
UOTSSA00NS OJe[ “puLs ‘I1°01 ‘8 Jemuersd P 8 00 009 00T HIN-dAVN-YD PpUSHY-Y 6LTI- SHVUOIPIIIUL DPUSILY
syelqey durep p1 Teruusiad r'p s 009 HN-dAVYN-7O ppUSLY-3 8601~ suuiofiounf vpusLy
suotssardep “Is1our (AN Jenuue rp s 00E 00  00€  HW-dAYN-¥O DpUSLY-Y 68TI— DUDIPADGGNY DPLSIY
suotssasdop “Is1ow 71716 [enuue 1p s 00F 009 001  HW-dAYN-¥O pUSUY-Y 65 el pRIDIPLOY DPLSIY
83001 9y  Teruuarad I'p oms 0ST 00z 001 HA-dAYN-¥D ppusHy-y 0§ El~- 142]8U2 DPUSLLY
1osuoid v1-6 [enuue P E 00F 00§ 00  HW-dAYN-¥D ppusty-3 1y Tl wsnffo vpusiy
SouRQIISIP  pI—0[ ‘L9 [euuared p s 00F  00S 00T HW-dAVN-¥O PpuUsUy-d 16T DIS2SU0D DPUSILY
20URQISIP £19'v renuue P M s 00 00§ 001 HW-dAVYN-tD DPUSLY-I €6°C1- SIUOISUDISPD UPNSIY
20UBqUUSIP 1T ‘6-L [enuue P s 00F 00 00T AAN-dAYN-YD dAVN-SIN-I  SHlI- nzupyos vioydayiuy
uoISSAIONS L[ ‘pUELS L=S  [eruuoxd p S 00€ 00 002 HAJAYN-FD dJdAVN-SW-  88°0I- psouns Daoydayuy
UOISSI00NS e[ ‘pues 71-8  leruuarod P $ 0S¥ 009 00T  HIN-AAYN-YD  dAVN-SW-  CTTi- suadsagnd paoydayiuy
UOTSSIDINS JYe| ‘pues €1'g  Jemuared p s 00 00 00T HW-dAVN-¥D dAVYN-SW-J  1€TI- vaUaEID DIOYday Iy
UOISSIDINS dJL[ ‘TR0 ¥1C1  [euuared P s 009 009 00 AN-dAYN-YD dJAYN-SN-Y  L¥'11- s1sua41Yos uosodoipuy
akydoIpAy p1 [etuuarad 1 s 009 AN-dAYN-D  dAYN-SIN-M 8L’ TI- sisuajjny uoodospuy
u0ISsE00NS 9)e] T108 AIp PI-Tl  [ewuared p s 009 009  00F HW-dAVN-YD dAYN-SIW-M  +8'11- snupdns uosodotpuy
aikydorpAy  pT 111 [ewuated I s 009 009  00F HA-dAYN-¥D dAVN-SIN-Y  SST1- snu0ona uogodoipuy
UorSs200ns AP ‘Y201 PI-¢[ ‘6 ‘Y [Bruueiad P $ 00S 009  00r HWN-dAYN-¥D dAVN-SW-I 91CI- sisuauy uoodospuy
a1kydorpAy vl lemuered I $ 009 AN-dAVN-VD  JAVYN-SIN-M - 11°21- annpaq woodospuy
pues 1s1ow vl [enuue 1 g 009 poliue MOd-Sd-M 0TEl- puronu}d sisdoiagopyy
a1kydorpAy TI—01  [etuuaad I s 009 009 00T €D MU $79T- PYIUDUYID] SUS048Y
aAydoipAy v 2T Teruvared 1 S 009 009 00¥ €D DS L SN o WNAIDU SDA2D0IDY
apeys 1s10L L6 [enuue P s 0ST  00¢ 001 HN-AYN-¥D  AVN-Sd-M  STEl- DSOUDIDL FUYIDLDY
oouopuada(] UOSEAS UOWWOD) XeN UIIA]
ad&y w0y
jelqeH uoneefoA U1MO0ID) Irejurey] KSoro1sAyqg Kwojeuy De1Q saroadg

BIED 9Y) JO SIsATeue aATIRIRdWIOD QU] UI PIsh SeM DOUIPIAD
[BOTWIOIRUR Y} “IOJJIP UOIIBDIJISSEIO [BOIS0[OISAYd pue [ROTWIOIBUER OUl SIoyM SOSBD 950U}
UJ “SUISSTW ST UOTIBWLIOJUI JOAQUIYM NUB[Q UIBLUAI SP[OL] "93.IS [BUOISSAOONS 10 Jeliqey 77
Uwinjod 1$AI0Y AIp HeyR[ey UWIRYMON (H) ‘BuUURARS WIOP[RWERD ~ IRYREY {BHusD (¢1)
‘PISAISIRY] PUR RUUBAES UIBIUNOW (Z]) ‘BUUBARS QIYS PUB 931) — BUURARS pasuioy], (1)
‘puueAes pue[ysy (01) ‘euueaes suedoly () ‘BUUBARS QUUUYS PUR 92I) paXTU — Leye[ey
WISYINOS (§) ‘UOTIISUBI) BUUBABS — JISSOP-TWIAS (/) “BUUBARS GILIYS Jiemp (9) ‘eulieArs pue
‘Qnugs JIemp (s 119sep aurfes (<) ‘oddols us[noons pue 11esap [[RIUILI I81UIM () ‘qQruIeN
uenog (g) ‘qiweN [eNUR) (7) ‘QIUBN UISHRION () 119sop yim (£861) 9NN 03 Sul
-pI02oe ([ 8L 09s) sadA) uoneieSea JJ uwmyoo ‘(Jeruusrad ‘enuue) Wioy YIMOIS (f uuin

-702 ‘(yuepuadepur 1 ‘uapuadop p) souspuadep [JeJurel 6 UuMIoD ((IOIUIM M ISWWNS S)
[[BJULRI JO UOSEIS § Uinjoo [[RJUILI UOWWOD PUB ‘WUNWIXLW ‘WIWIUIW / ‘g ‘¢ SUMN]oo
‘uone[Axoqied jo odAi-oseunyAxoqies-oreantAdjousoydsoyd g ‘edA) owkzua-orrewr
-AVN -FW-AVN 2dA) swkzus-oew-JAVN ~TW-dAVN ‘stsoquisoroyd odK1-40) £ “sis
-opuisoroyd odKi1-€0 £ «(6861) ZIIMIBQ pue uosiEp 01 Surpioooe AZojorsAyd g uumyoo
ISUOTIBAIOSQO MAU PUE {6861 ZIM[[B( PUB UOSIBA 8861 ‘9861 ‘q “Bp861 ‘Q ‘CLL6] SHIHA)
Kuwroreue )eays afpung oYy 01 Surproaoe uone[Ax0qIeosp juepuadap-3yDd 10 VN dAvN
s soroads e Sy ‘soroads areanuAd ¢4 ‘uieays orpung odA1 zuery y ‘uiesys s{pung
od£) zuers] ou y-u) AWOIRUR £ UMMN]OD 09, Uf SN[BA D@ ‘Onel adojost uoqied g uumjoo
“(0661) T8 19 [[9ssSNY $qqIn) SUIMO]]0] 2IMEB]OUSWOU YIIm SA10adS 7 uwumjoo :soreds yoes
J0J pysY] axe eiep SUIMO[[O] AU, ‘eIquueN jo soroads sseid oy jo uonenge], xrpuaddy



OECOLOGIA 106 (1996) © Springer-Verlag

362

afydoipiy vl lemuased I s 009 HN-dAVN-+D  dAVYN-SIN-  1201— 1sajka pLvnSNq
[euotssaoons 9je] [0 ‘L9  [eruuard p $ 0S¥ 00S 00T HW-dAYN+PD dAYNSW-Y 966 DYIUDLID DIDISI
syeIIqet 1s1owW ¥1  [eruuerod 'p s 009 AN-dAVYN-+D  dAVN-SIW-  LS01- syypuoSorp vivndIq
S1ENqRY JSTOW ¥l [enuue I $ 009 AN-JAVYN-+D  dAVN-SIN- S¢T1- s119ap vuvIdiq
[1os Apues v1  fewiusrad p 8 009 AN-AAVYN-+D  dAYN-SIN-Y  1701— av22v4q PLPISI]
sjeNqey ISIOW  ¢]—0[ ‘@ ‘9 [eruuased I $ 00F  00S 001  HW-dQYN-+VD dAYN-SIN  L9€l— WRIDIAUUD WRAFUDYOI]
aLydoIpAy $1-01 ‘9 [enuue I s 00$ 00§ 00T MOd-Sd- ¢TI jpsnd pojy204pudI(Y
a1dydorpdy 16 °L [enuue I s 00y  00F 00T AN-AYN-+D MDd-SA- 16°Cl—  sisusnbouinu vopydoipumq
$001 ¢1-01 ‘L [euuarsd p S 0S¢ 00 00T HA-dAYN-+VYD dAVN-SW-M  087CI- vsou. sisdouoyung
[jos £yo01 11 °6 [enuue p S 00€ 00 00T HIN-AAVYN-+YD dAVYN-SIN-M  20°01- uaqup stsdooyung
pues ‘9ourqIMSIp 1 [enuue p S 009 SIDdPD SDA-Sd-Y €O 11— wmajup 818 wWn1ua1o01 1007
ISTOW “90UBINISIP 19 [enuue 'p S 00§ 009 001 NOd+D MOA-Sd-S TE 11— wnpdfSan wnpu2ip0j1onq
poseures 1 ‘11—6 ‘L ‘9 [eruuarad p s 0S¥ 009 Q01 AWN-AYN-+D AVN-SI-M  09°SI— u0320p uopoud)
UOIS$300NS S1e] “Weo| 11-6 L9  retuuared p S 00€  00v 00T AN-dAVYNPD dAYN-SIW-M 96 11- sipoutanyd uogodoquic)
UoI1s
-5900nS 9)E] ‘JI0S AY001 vl C1—6  rewuarad p § 009 009 00 HN-AQVYNYD dAYN-SIN-M 0L 11— SHpandxa uododoquil)
uolIs
-§920NS 9JB[ ‘(10§ AY001 (107 reruuard p $ 00F  00F 00T HW-AAYN+D dAYN-SIWN-T  Ov€l- 11Us142121p uododoquid)
surgrew ued ¥1  Teruuared rp 8 009 AN-AYN-D AVYN-Sd-M  SO'€I— DUDISapoyL SWovyiopadspi)
OPEYS ‘QUOISAWI] ¥1  retuuased p s 009 (&) AN-AVN-¥D AvN-Sd-3I  $6CI- wndaWaL WnLYo20)
pues - [emwuasd p ms 001 00T 05 () HN-AQVYN-+D AVN-Sd-  6L°€1— psourds stydpiopv]D
SOUNP [8IS0D =1 erussed p Ms 0$ (&) AN-AQYN-+D AVN-SI-  vO'€l— sap1o42dCo stydpiopv1)
2OURQIMISIP ¥1-9 [enuue p 8 00S 009 001 SIDd+D MOL-Sd 9SHI- DIPE4A STOTYD
Q0ueqIMSIP 4! [enuue p 8 00S  00S  00F SO MOA-SdSL €EI- X141p0UdIKd 5140142
Go_wmoooﬂm oﬁﬂ hEmm: .vﬁ ﬂmﬂ:\summ U S OOO MU&-.VU MUnTWnT& wmA ﬁl G:S%BM ExQNQU
NLydorey [ [euered I s 0S @) ADd+D AVN-Sd-M  €5°¢I— (2 eI )
@ﬁmm .v ~mﬁﬁﬁ®,~mm @ M Om mU M-G L_wm..v,ml .,AEN@.\NQ:NQ\E.N MESQ\NQQNQS&U
SPaqIaALl A1p 6°L°Tl [eruuarad p 8 0sz 00§  0S AN-AVYN-$D AVN-Sd-X  88°CI— Sisuapaumssous pipodosus)
reruuarad
sounp pues L9YT /lenuue p s 00T  00¢  0S HN-QVN-+D AQVYN-Sd-XI  ZTHI- vonvy8 vipodosual)
UOISS00NS B1e] ‘pues ¥I-9 %y  [etuuarad p 8 00§ 009 001 HAdAVYN-+YD dAVYN-SW-  9271- SLDIJLO SNAYOUDD)
pues 1! [enuue p S 009 HN-AAVN-YD  dAVYN-SIN-I  80° 11— snA01f1q snayous)
paam 01 [enuue p p 00S 009  00¥ €0 MU 18T SMAPUDIP SHUAOLG
poom 01  [eruuerad p s 009 009  QOF €D MU G897 SHORADYIDD SHUIOLG
a1&ydoyy pl  [eruuarad p S 009 () MDd-+D SDd-Sd-M 68T vaopfiuagod suovyovig
QoueqIMISIp ‘Aefo 6 [enuue p $ 00r  00S  00¢ MDd-¥D MOd-SI 08 11— DINDIOYIUDY DLDIYODLG
UOTSSa00NS dJe[ ‘(10§ AIp I1°01  [euuared p 8 00S 00§  00¥ MOd-+0 MOd-SdM 6v 11— DIDALIS DIDIYODLG
suorssasdep jstow 716°S Jenuue 1 8 oSt 00§ 00F MDD MOd-Sd pLIT- Map|afusoyos viwODLY
pues ] ﬁmsncm P S 001 Q<Z:m&-v~ ow.Nﬁl EEQQSSSMQ E\EEQ%&N
uorss00S8 e[ ‘[1os K1p ¥1-01  [eruudiad p s 00t 00§  00¢ SOd-¥D MOd-Sd-S LETI- vippadodSiu vUDYIDIG
suorssaxdop istow P1°11°01 [enuue 1 S 00r  00¥  00¢ SOd-+0) MOd-Sd- $ETI- HIolDW DUVIYODLG
PoueqIuisIp ‘sued PI 16 [enuue I 8 0S¢ 00S 00T MOd-+D MOA-SdM 0TE1- SIPOIVIVUL DUDIYIDLG
9AydoapAy ¥1  Jeuuerad I S 009 DA MDL-SIY 6911 DIO2NPIUANY DIDIYIDLY
apeys ‘SYoox 7T ‘11 ‘01 °L Jenuue p s 00€ 00 007 SIOd-+0 SIOd-Sd-M v8II- DSSOL8 PLUDIYIDLG
pues 89 ‘b= [enuue p M8 0ST 00T  0S AVYN-Sd-  9LTI— DIDIWO]S DLIDIYIDLG
Aeroistowr 1 ‘71 ‘11 °6 [enuue 'p 8 o0t  00S  00€ MDd-vD MOA-Sd 60 11— ST f1ond2 DIDIYODIG
POQIOALI pues 1 [eruuerod ‘p S 009 DI MOd-Sd- TITl- DAND DIDIYIDIY
U01S§0018 qNe] 1 Eﬁﬁcmuom P S OOO MOd-$O MOd-SdM SO'I1— Gk:mﬁcﬁu.ﬁ Q.EG.EQE;N
ouepuada(] UOSEOS UOWWIOD) XBIA UIAl
od£y urIog
1erqey uoneyadon J1MO0ID) JTejurey A3or0184Yyg Awojeuy DeiQ saroadg

(ponunuood) xrpuaddy



363

OECOLOGIA 106 (1996) © Springer-Verlag

QuolsawT|
doueQINISIP
s1elIqQRy IsTow
20URQINISIP ‘pues
SJ10S yorIq

Aepd

pues

apeys

$3001

$)001

v[10s mojfeys
pues
akydoipAy

AAydospAy
pues
UOISSI00NS 9¥[
UOISSOIINS )8 ‘WEO[
[e1opnI

[esapru

peys

pues

pues

opeys

opeys

pues

pues
kydoipiy
AAydoipAy
AAydoIpAy
AAydopAy
a1kydoipAy
$001
akydoipiy

a1AydoipAy
UOISSIOONS )] ‘pues
a1kydoipAy
1s10W “Aeo
[BUOISS200NS )R]
QouRQINISIP
S1B1IqRY 1STOW
pues

90UBQINISIP
aAydoipAy
apeys ‘pues
Q0oUBQIMISIP
[RUOISS00NS )|
[BUOISSAIINS 18]
sjeIIqeY JSI0ur
pues

pues

J0URQIMISIP

11°01

<
o

16"
116

=
[q\]
-G \O N

—
N
A AN == AN — O

—
=
O <

<+ <

=
A
\Oﬁ::rﬂ't\l

=g

—
|

O

4!

T1-01 ‘LS
6

6

14!

01

P1ET ‘1101
Al

P €l ‘8

iguitichet
jenuue
[enuue
[enuue
[enuue
etuuarad
[enuue
reruuared
ferauarad
[ewuazod

[enuue
Tenuue
[enuue

[enuue
Terunalod
etuuaiad
feruuoxad
[enuue
[enuue
fenuue
reruuoxad
[enuue
Tenuue
[enuue
reruuoxad
[enuue
reruuaxad
[eruuazod
Teruuaxad
[enuue
renuue
[erauared
reruuarad

reruoasad
euuazed
reruuoxad
renuue
[eruuaxad
[enuue
[enuue
feruuarad
[enuue
[enuue
fenuue
Jenuue
[eruuarad
feiuuarad
[enuue
reruuarad
Teruuarad
[enuue

—T TTTWTTT.~TT

D i i e e DO OO T U W T O T T U~

O T O T DT o T O e T o

ko=l

v

v

wy

BB B EBEREERR vounwnann

[T R BT R R I B 7 W )

%)

v

727 s BV RV P> BT B o]

00¢
00¥
0¢

00c
00t
00$
009
009
00¢
00¢

00¢

00¢
00t
009
009
00¢
0oy
009
009
ooy
009
009
009
009
009
009

00y
00S

00¥
00¢
00¢
00§
009
00¢
00¢

009
009

009

009
009
00v
009

00T

009
009
009

009
00¥
00¥
009
00¥
009

009
00¢

00¢
00t

0¢

0ol
00T
00y
00¥
001
0¢

0§
00T

0¢

00¥
0oy
00¢
00¢

o<

00¢
00¢
00¢

0071
001
00T
00¥
00¢
0o¢

00¢
007

HN-AVYN-YD
HN-AVN-+D
JN-AVYN-¥D
HN-AVN-+D
dN-AVN-FD
dIN-AVYN-¥O
HN-AVN-$D
AW-AVN-¥D
AWN-AVN-¥D
JN-AVN-YD

HN-AVYN-¥D
JN-AVN-¥D
€D

€D
HN-dAVN-vD
HN-dAVN-+D
HN-dAVN-¥D
HN-AVN-¥D
JN-AVN-PD
€D

€D

€0

€D

D

€D

£
HN-dAVN-vD
HN-dAVN-¥D
HN-ddVN-¥D
JN-dAVN-+D
HN-dAVN-¥D
€D
dN-AVN-+D

HN-AVN-7D
HN-AVN-¥D
HN-AVN-+D
(&) IDd-vD
HN-dAVN-¥D
AN-dAVN-vD
AW-dAVN-1D
HN-dAVN-+D
HN-dAVN-¥D
HN-dAVN-+D
JN-dAVN-¥D
HN-dAVN-O
AN-dAVN-¥D
HAN-dAVN-¥D
HN-dAVN-¥D
HN-dAVN-+D
HN-dAVN-+D
HN-dAVN-¥D

ADd-Sd
AVN-Sd-X
AVN-Sd-X
AVN-Sd-A
AVN-Sd-X
AVYN-Sd-3
AVN-Sd-
AVN-Sd-31
ADd-Sd>
ADd-Sd-

aVN-Sd-X
AVN-Sd-X

dAVN-S

dAVN-S
AVN-S
avN-S

M-u

e
dAVN-SIN-
-

-

d-
d-

dAVN-S
dAVN-S
dAVN-SIN-X
dAVN-SIN-
dAVN-SN-X
M-u
AVN-Sd-3

UMM E & L L AN MMM L

A
A
A
A
A
A
A
-
-

AVN-Sd-M

AVN-Sd-X

AVN-Sd-3

AADd-Sd
dAVN-SIN-X
dAVN-SIN-A
JAVN-SIW-X
dAVN-SIN-X
dAVN-SIN-X
dAVN-SIN-N
dAVN-SIN-
dAVN-SI-X
JdAVN-SIN-X
dAVN-SIN-3
dAVN-SIN-X
dAVN-SIN-
dAVN-SIN-M
dAVN-SIN-X

LOe1—
lrei-
e0'cl—
LTEl-
1evi—
£6'Cl-
172
09°¢T—
SPel—
STel-

0vi-
So'vI—
[44° 4

06'SC—
[4 205
90°'11~-
65 11—
LTO1-
€CCI—
16T~
CCee—
06'€C—
0¥'ST—
€8 LT~
125
1$yC—
£9°01-
el-
0eZI-
80'11—
8¢CI-
96'9¢~
SCCI—

80'PI—
STyI-
1Tel—
26T~
88 11—
66'01—
6'01—
{915
68 11—
€eol-
80°CI-
PR 1T-
1205
STI1I-
e ll—
Y811~
87 01—
67°01—

pUPISI2q S115048D47

D42dSD S118048047]

DIDISIAD SUSOLSDLT

DIDIMUUD SHSO0LEDAT
IS vruunoojdousy
srigsadns yoSodosaiug
114n214d uododoousy
sndyonisosovu uododoiayusy
sniapdoos uosodpvauusg
42qDIs Uosodnauusy

1xnvasap uododvauury
Sap1041youU23 HoSodpaunsy
smpords snaoydoafyg

s1401nq0]8 snioydosdyg
pIvjID48 vApUDLUALST
$2p10008d14] STANUOT]T
SN SANUOL]T

DoIpU1 2UISNI]H

DUDILLD DUDIDI0D 2UISHI]T
DAPUDLL) DIDYAYT
1342quUny] DIDYIYT
pypsnd 1YY
vi0pfi8uo] vrvyYg
DINIDINEP DIADYIYT
DULIKIDD DIDYAYTT
v110f1424q DLIDYIYI
DUIUSVIS DOJYI0UIYD5]
syvpnuvikd vopyoouryosg
1qnjoy popyoouryosy
§JPI-SNLD DOJYOOUIYIT
DUOJOD DOJYIOUIYIH
pjund pojy20282.4(7
pajun818 2uyov)diq

vosnf auyovidiy
ouisnaja auyovydicy
pioprdsno auyovidicy
vxa1fosiad vigauly
snjofiyf uododosazayicy
punnaA DIPNSIY
DIDUID] DLDISIT
DIDI42S DIDISIT
s1ypumdups p1nnsIq
DUN] 31021 DIDISIT
1112110442d v1LADNEIT
ppnu vLUPISIT
v1100poUOU DIIDISIT
puvifupg v1LDRSIT
DIDNOIUDU DIDISI(T
va0pfi8uo; w8y
s15u2208 PLDISIT
pupdvsd pLvISIT



OECOLOGIA 106 (1996) © Springer-Verlag

364

[enuue AWN-AYN-D AVN-Sd-  [€91— Ja1 susosdosg
pues ¥121-01  [eruuarad p S 009 009  00€ HN-AVN-$D AVYN-Sd-X  L¥TI- vquadns s1s04304q
SJBIqQERY IST0W 019  Teruuazed I $ 00€ 00 00T HAN-AYN-7D (0 AYN-SI-SI 99°€1— DSLEYIOUDIS S1ISOLDIT
pues 7101 [eruwaxad p $ 00¥ 008 00T AN-AYN-¥D AVYN-Sd-M 08 PI— nfdors susos8vag
AYIWOTOP T1-01  [eruuwesad p s 0S¢ 00¥ 00T HN-AYN-+D AVN-Sd-I  $pvI- vydojodoos suso1Svsg
[enuue HN-AVN-+D AVYN-SIM  99°¢T— DYIUDAD]IS SHSOLEDLT
4ydoipLy P1 [eruuered I $ 009 HAN-AYN-D MDI-SdFM 0L 11— DSOIUPUALDS SHSOLIDAT
a1fydorey S Jeruuared p S 00 00F  00¢ AN-AYN-$D AVYN-Sd-J  ZT¢l- 20U1qGDS 510434
sJeIqeY IsIoW 7I-9  [ewuasad 1 s 00 009 001 AN-AVYN-+D AVN-Sd-J  pLET- A2f1104 S11S043047
weof PI €T ‘TT  [euuasad p s 009 009  QOF AN-AYN-+D AVN-SdM  €€€I— 401P1814 SYSO48DLH
pues 4 fenuue p S 0s AN-AYN-$D () AYN-SIX  Op'€1— vovwSLd sisosdvag
s1eNqey 1s1ow 89 [enuue I 8 0ST  00€ 001 AN-AVN-$D aQvN-Sd-3  $ppi— suaquinoo.d sso43v.47
sjejiqey Jstour 719 [enuue p $ 00  00S Q01 HN-AYN-¥D avN-Sd-I  $9CI— 0§040d SuSOLZDAT
$183IqRY JSToW 4! [enuue 1 s 009 AN-AYN-+D AvN-Sd-3I  p0'ST— vsojid sysoi8piz
s1e)Igey 1stouwt 11-6 Jenuue I $ 00F  00S  00¢ AN-AYN-7D AVN-Sd-  89'11— puv1a8)id susoi8vag
22UBGIMSIP ¥1 [enuue p S 009 AN-AVN-FD MDI-SI 61— suapvd sysoLsvay
pues P1 €1 Teruuazad p $ 009 009 OOV HAN-AVN-D aQvN-Sd-X  €9°¢€1— suafod susoi8nig
pues ¢I-11 [enuue p $ 00r 00§  00¢ HAN-AYN-YD AVN-Sd-M  vrel— SISUDYPYDUIO SUSOIZDAT

716
$001 ‘L9TT  ewuarnd p s 00€  00S 001 AN-AVYN-+D avN-Sd  65CI— SISUFPUIU SYSOLSDLT
$18IIqRY ISTOW 716 Tewuarad T 8 00S  00S 00T HN-AYN-D MDA-SdS PSIT- DYIUDAINUL SYSOLEDLT
a14ydoIpAy 4! [enuue 1 8 009 AN-AVYN-+D () AVN-SI-X  8+'CI— DIIDUDIQUIIUL SYSOLIDAT
pues  [1°0T ‘L9 [enuue p 8 00¢ 00t 001 AN-AYN-+D AYN-SI-  29€l— SCUWD]II010DUL SHSOLZDAT]
pues  ¢I-01 ‘@9  [eruuwarad p s 00k  00S 00T AN-AYN-+D AVN-SI-M  1L¢I— DUDIUUDULYD] SYSO4EDAT
s1eIqey Jstouw 01 [enuue 1 8 0S¢ 00F  00€ AN-AYN-HD (i) AYN-Sd-X  TTT1I1- SHHLOf1IS423] $11804 347
SIEIqRY ISI0W v1  (eruuard I S 009 AW-AVN-FD MDd-Sd-M $9TI- vpnddpy sysoi8pag
YSB[oBIq ISTOW ¥1-11°6  [eruuerad I S 00  00S 00T AN-AYN-+D (L) AYN-SIM 6V F1— DULSSIAID] SSOLE0LT
pues ¥ [enuue p M 001 00T 0§ AN-AVYN-vD AVN-Sd-X  LO€I- 1152311y SUS0L3V4T
s1elqgey JsIow pI 71 ‘1T Teruudred 1 S 00 009 00t AN-AYN-$D AYN-Sd-  PI'€l— uskaaffof susos3va5
sJeliqey IsTow ¥1  [eruuaiad I $ 009 HN-AYN-YD MDI-SdM 0STI- DUOUDUL SSO4TDLT

€1
SIENIqRY ISTOW ‘1] ‘Y ‘L9 [enuue 1 S 00€  00v 001 HAN-AYN-+D AVN-Sd-  9¢°TI— DlpUOmOY SUS0L3DLT
S1eIIqeY ISIoW 6 [eruuarad 1 8 009 009  00¢ AN-AYN-YD MOd-Sd-S 08°TT— DUIUI0LDIIY SHSOLEDAT
s1enqey isiow Y1 [rwuuersd 1 s 009 HN-AVYN-7D AD4-Sd- 0L TI- DYIUDIGDY SUSOLSDLT
syelqey Istouw 1T [eruvarad I s 00F  00S Q0% HN-AVN-D MDd-SdS SPTI— onpfiung susos3vag
QourqINISIP TIT1 6 [enuue p S 00F  00S 00T AN-AVYN-+D AVN-SI-M  0T¢I— piopadisopnpun]8 susoidvay
syeliqey 1stouw I1°6 [enuue 1 8 009 009  00€ AN-AYN-YD MDI-SAM 61TI— DONIEUNE $11S045D4H

¥1
omed ‘g ‘I1-6°L  Teruuasad p $ 00€ 009 001 AW-AVYN-#D AVN-Sd-) 19T~ 0aplofyoouryss SusoLsviy
20URQIMISIP AR [enuue p 8 00r  00S 001 HN-AYN-vD AVYN-SI-M  8¢€l— L21UIp SYSOL3DAT
oueqIISIP 101 ‘§°9 [enuue p S 00y 009  00¢ AN-AYN-+D AVN-SIM  6T¢l~ DAOYLIPULILD $115043D47]
[108 Aweo] ¥1  [eruuarad p s 009 AWN-AVN-FD AVYN-Sd-J  +v0€l— DINAIND SYSOIZDLY
a1fydoipAy 77 eruuarad 1 $ 00z 00T  0OS AN-AVYN-¥D AVYN-Sd-M  87TI- SIALIUISSDAD SUSOLEDAT]
$1BIIQRY ISTOW p1  [eruuerad 1 5 009 AN-AVYN-VD AYN-SI-M  STel- DU SUSOLEDLT
pues 71 °I1°6°L T [enuug p 8 00F  00S 001 AN-AYN-+D AVN-Sd-3  Z€¥1- SISUBUDILD SIS OL3DAT
pues 8°L°9 [enuue p s 00z 00¢ 00T HN-AYN-D AYN-SIT  69°€1— DYIUDZIAG SUSOLEDLF

€1
opeys  ‘[1 01 ‘89 [enuue p $ 00€ 005 00T FN-AYN-+D MOd-Sd 0L €l- DL0Yf1q 115048047

P1
afydorpAq  ‘r71°01 ‘8 ‘L [eruuasad 1 $ 00r  00S 007 AW-AYN-+D MDI-Sd-S 16C1— 1010914 511804347

ooudpuada(] UOSESS UOWWOD  XBJAL UTA
ad£y wiog

1eNqeH uonRrIOTIA [1M0ID) [rejurey} AZofoisAyg Kwoyeuy DerQ saoedg

(ponunuod) xipudddy



365

OECOLOGIA 106 (1996) © Springer-Verlag

akgdopAy 6
jeyqey jom 4!
UOISS00nS AR[ ‘[10S AB[D ] ‘IT ‘6 ‘L ‘9
[10s £e(o 9

S0 L9
asydoipAy 11°6
Lydoiphy 1
akydoyny 1 ‘11-6 Ly
apeys al

akydofey g9~ ‘T ‘I
UOTSSAOONS 31B] ‘Weo| 1
32I0[8D ‘SOOI Z1 ‘116
AAdophy ¥1
a1kydopAy vI 116
akydoyn 4!

14!

arkgdotyy - “I1 ‘01 ‘L °9

pues ¥

apeys 14!
QourRqINISIP y1-9

[10S A30031 Il
S201AI190 AXo0I 2171 ‘6
opeys ‘pues LTI
pues vl ‘6

pues vl ‘8

siellqey] stow 14!
paam I

pues 97T

apeys ¥1

pues 14!

91kydorpAy P11l
a1kydoipAy +1

J10s Apues ¥

10§ AY001 I
a1kydoIpAy Il
sielIqey 3SI0W 14!
siejiqey jsiow AN
UOTSSI0INS B[ ‘puLs A
paqInIsIp “Istout 14!
[UOTSS200NS 18] Tl
[euoIssaoons a1l H1 ‘116 ‘L ‘9
[BUOISSO0INS 78| +1
sjeliqey jstow 1!
TI0S pauieip [{om y1°71
[euoISsa00ns e[ $T1-171 ‘6 °L ‘9
a1AydoIpAy al

¥1 ‘216

pos &ip - L9y e ]
uo1$8300NS 918[ ‘puLs +1
1AydoipAy 1
91kydoiphy 69
21&ydoIpAy L9TT
soueqIMSTp 1 ‘€l ‘11 ‘01
auosau] €T-1T°L

PUBs $1 ‘TI-6°L 9

fenuue
Tetuuarod
feruuarad
fenuue
Teruudiod
reruuoxad
Tetuuazad
rerauarod
[enuue
feruuarad
eruuarad
reruuasad
Jjenuue
[eruuarad
reruuarad
[enuue

Tetuuasod
reruuazad
[enuue
fenuue
retuuared
[eruuared
fenuue
[enuue
[enuue
reruuarad
fenuue
reiuuared
Jenuue
Tenuue
[eruuarod
reruuazad
[enuue
[enuue
[erauarad
reruuarad
[eruuaxod
reruuarad
rerunarad
[eruuerad
Terauarad
[eruuorad
[eruuarad
[enuue
feruuared
reruualad

[eruuared
reruuased
[erauasad

[enuue
reruuorad

jenuue
reruuared
reruuazed

v o ow

DT~ T T ot DT e oy T C T g e
» w o o ow»

WL v

S

z
DL B o d b s NN D BB

vy

DT VOV D o VOV m e TV VT =TV TODWTTTTT

B

3
(2o TRV 7 B s I V)

- T T
Rz R R ) w o ow»

T W T oo o DT
w o

008
009
008
00T
00¢
001
009
0ot
009
0¢T
009

00¢
009
00v
oor

00¢
0s

009
00v
009
009
009
00¢
00¢
009
0s

001
009
009
00¢
009
0¢

009
009
009
009
009
00¢
00¢
009
009
008
009
009

009
009
009
00v
001
00¢
0s¢
00t

009
00T
00T
009

009
009

0oy

009
0o¥

00¥

009
00¥
00¢S
009
009
009

009

009

009

009

00¥
00T
009
00y
009

0sc
001
00T
0ot
00T

0%

00¢

00¢
00¢

00T
00¢
00¢
00¢
00v

00¢
00¢

0o¢

001

00T

0¢

001

00¢
001
00T

ADd-PD
2ADdvO
AW-AVN-TD
dN-AVYN-vD
dN-AVN-¥D
ADd-vD

£
HN-AVN-VO
€D
HAN-AVN-7D
JN-dAVN-¥D

AN-AVN-TD
HN-dAVN-+D
(&) DA+
(&) JIDd-vD

() SIDd-vD
50)

MO0
MDA+
SMOd-+D
PRlkg7e)
pielimze)
AN-dAVYN-¥D
HN-dAVYN-¥D
AN-dAVN-+D
€D

MDA+
HAN-AYN-¥D
AN-AYN-+D
€D

1%0)

50)

MOd+D
AN-dAVN-7D
AN-dAVYN-¥D
AW-dAVYN-+D
AN-dAYN-$D
HWN-dAVYN-+D
AN-dAVN-7D
AN-dAVN-FD
AN-dAYN-¥D
HN-dAVYN-+D
HN-dAVYN-+D
AW-dAVYN-¥D
HN-dAVN-7D

JN-AVN-¥D

HN-dAVN-¥D
ADd-vO

[90)
AN-AVN-¥D
HN-AVN-7D
HN-AVN-tD

AD0d-Sd-H
ADd-Sd-A
AVN-Sd-3
GVN-Sd-
AVN-Sd-
ADd-Sd-A
M-u
AVN-Sd-
-u
AVN-Sd
dAVN-SIN-X

AVN-Sd-
dAVN-SIN-
ADd-Sd-A
ADd-Sd2

i
=

ADd-Sd-
ADd-Sd-

MDd-Sd-

MM NN M

a
[
<
= z
! w
womrmxzzlz
MMM MM

N MM
& &

dJAVN-SIN-

dAVN-SIN-

a9
(=)
<
z
%!
=

a.
)
<
2
v
S555

SOvi—
1Cl—
6SCT—
LLCI—
86CI—
L91]-
L1'9C—
e0el—
99°0¢—
woel-
LTI

wovi-
oLCI-
9cTl-
or'cl-—

8¥'TI—
YooT-
8P'el—
00°¢cl—
€0'Cl-
S
6 el—
00¢Cl-
41
8LCI—
18°9T—
YTl
69 vI-
veel-
Y oT—
869¢—
0T'9t—
yeel-
SLOI-
erei—
61CI-
wli-
8I'IT—
LLOT-
e0el—
00CI-
LL Ot~
[ X4
01ci—
eyel-

1¢el-
9¢CI-
8L 11—
0cCl—-
1L°9C-
¥6'€1—
YO'vI-—
ecel-

WNAJE WNIUng
podnAnf WnOWDg
WNIDL0]0I WNDTUD]
WHIUWDINILD WNIIUD]
WATNISHGAD WNOTUD]
npdvusnq wnmpizdiQ
DIPUIUDISISUO] D2E40)
asuadno wnyadoi)
nuuUpULING snuawstdo
s1642u1onpd vassApO
DULIOf1152420 WMGUILOOUO Y

WNUDIZILIoPIN] WNnIKjouo
wmnadun{ SNyUDISIY
1YIUNY DOJYI0LITN

D21PUL DOJYI0LIIN

n4ffpd DOJYI0AOIN
123UDI DA])INUIXAD ]
4qUISqnNs St
suadas ST
stundia4ou ST
032851840 STUTJIP]
mydiowjioy Stuija

SU22524qu}8 suyovIosdojpSopy

sUa0saqn auyovjosdoipSapy
pIpUn] DIAPNOT

wnp18id wmijoy

putoosaut sKiydoonay
nao1fiun vopy0IdaT
winagsordina yoipluvoorday
DAPUDXDY DISI2I]

1S4 DISI25]

SOPIOUISIYDS DOJYIOLIDY
SUSOALIE1U DOJYI0YODY]
WNIDIHIIOSDf WNUIDYIS]
WALD WNU2DYOS]
poLIpunKO DIvLadI]
vInjossp vyl ad

vfnd piuayLind g
pyor1joj1920d vruayLivdSE]
vy vIULYIIDAL L]
pmpuzdiyyf viuayLivd gy
poLYyI1p PrudyLndLEy
sndipoouv)aut uosododaiagy
SNLIOIUOD UOS0d04 D]
DULISS1I]D DIYIIDUDE]

DUDILLD DIYINY4a Ul
saprojpdsvd sKyovysnsg
DaAnD PV
s1suauInf DOJYI0LIT
121D SYSOATVLT
DSOISIA S1SO4TVLTT
pIpoUNA} SIS048DATg
pL0ydoyorl SUSO4SVAT



OECOLOGIA 106 (1996) © Springer-Verlag

366

pues 9t [enuue p M ‘S 001 €D MU 69'97— SNIDGIDG SNUSIYIS
pues $1 71 Tetuuorad p p 009 009 OOV €0 MU pIST- SISUOFUD DIPIIDG
AydorpAy ¥l [ewuarad I S 009 €D MU 80°97— punydqq s1d2]010008
AydorpAy [enuue €D U CSLT— porput 51d21010008
AkydoapAy al [enuue 1 s 009 €D D> LI Vg sisuajny s1daj01290§
A1AydoipAy ] ‘6 Jeruuared s 009 €D MU 7697— pupILLfD $1d2]0100DS
sjeqey Jsiow ¥1 Tl [enuue 1 s 00S 009  00Y HW-AAYN-+YD dAVN-SIN-S  SOTI—  SISUsuIyouiys0d vijjaoguoy
sjelIqRY JSTOW ¥1  [ewudrad 1 S 009 HN-dAVYN-FD  JAYN-SIN-YT SL°01— DISNQOL 2UIDILYY
sjelIqey 1s1ow e jenuue T S 0¢S €D S-u 09°87— DISNSUY V1)IUIDING
S1RIIQRY 1SI0W T [enuue I M ‘S 0S 199 S0 8Y6T— sipriza uododAjoq
s1eIqRY ISI0W L'YTT Jenuue 1 M s 00T 00T 001 €D AU TT6T- sisudtadsuou uogod{joq
s1eyqey 1STOuW L [enuue I S 0S1 0027 001 %) M-U 0197~ s1suanbri§ uodod joq
pues vI-1T  [euuersd p s 009 009  00¢ HN-AVYN-+D AYN-Sd-J  PO'€I— vsosipnbs VIIYIDUOSO]
pues 7111 [enuue P 8 00v  00F 00T AN-AYN-YO AVN-Sd  86€I— DAYLIDID] DLYIDUOTO]

PI-11
pues 0171 [enuue p $ 00S 009 007 HN-QVYN-+D AYN-SI-M  T1°¢l- nyoalf vLYIDU0SO]
0] MU STLT- vIuIg vog
S)eIIgRY ISTOW IT°01 [enuue 1 s 00v  00F  00¢ €D MU 9997 DUUD D04
ou\Emobu\E 168 °C RE:mB& 1 S 009 009 001 €D I-u 1097 SAUDLANDU wth%FE&

vl
9JAydoIpAy  ‘Z1‘T1‘6‘C  Temwuarad 1 $ 009 009 001 €D MU 79T SHDAISAD SHPIUSOIYJ
pues ¥1°6 [enuue p 8 009 009 OOV AN-AVYN-+D AYN-SI-X  66TI— DIDUIEDA $1047]
pues vl Tl [ewwosad p $ 009 009  0OF AN-AYN-FD AvyN-Sd&-J  €0€l- suaod syoiad
pues ¥1 [enuue p $ 009 AN-AYN-+D AYN-SI  LT€EI- sndoda] s104a
pues 174 fenuue P M Q< (90 M-u QG.NNI hm@.:i.:n SUSTYISDIUI]
Teruuered AN-dAVYN-FD  dAYN-SIN-M STTI- n34aqunys wWniastuusd
syelqey Jstow Teuuored 1 $ 009 HA-dAVN-VD  dAYN-SI-Y L0°01— wnaandand wngastuuag
surepd [oA®IS 69 [euuasad p $ 00z  00¢ 00T  dAW-dAVN-+D dAVYN-SW-I  #ST1- WNUDI2IW WNIDSTUUI]
a1AydopAy $1  [ewoared 1 s 009 AAN-AAVN-FD  dAVN-SIN-M  v6' 01—  wippi20onp]d wmngasiunay
:O_mmuoozw 3.2 .@Gﬁm Nﬁloﬁ “h —.ﬂﬁﬁ@u@& ﬁ N OOM OO‘V OO~ mz-&ﬁm<zl.v0 &Q<Z|WE|M .vm.Oﬁl ESEE.N&NS.QD.\quw.nﬁ\:mnx
o1kydorey 9‘C  reuared I S 001 00¢ 001  dW-dAVN-¥D dAVYN-SIN-3  T8Z1- wnpuSva umpdsnd
a14ydopAy P1CT ‘11 TemuaIed ! s 009 009 00 HWN-dAVYN+D dAVYN-SIN-I  1€TI- WNIPINOIqO4IS WNIDAsSDg
a14ydospiy ¥1 ‘6  [ewuasad 1 $ 009 009  00Z HW-dAYNPD dJdAVN-SN-Y  89CI— WP 8 WNIplpdsodg
9AydopAy ¥1  reruuerd I S 009 AN-dAVYN-¥D  JAVN-SIN-XT 8T'11— Dipgso1d DYDY
syelIqey JSTou A Eéeom 1 $ 009 009  00€ HN-AVYN-+D AVN-Sd-M 98 T[— PPOUOYILL WNITUD]

ﬁﬁﬁﬁ@u@

a1hydoapy il /renuue I S 009 SDd-¥D MOA-SI L8 11— WAPIGIDGNS UHITUD
S[10S £Y001 71116 Teruuarad ! s 00S 009  00¢ HN-AVYN-+D AYN-SI-X  1L€l- wnuptfdpls wnound
syeliqey Jstouw 716 [enuue I s 00t  00F 00T HAN-AVN-D AYN-SI-T  €T€¢l- SUDJNUTS WNOTUD]
91AydoipLy 6 [enuue I $ oo 00v  00¢ JN-AVYN-+D MDd-Sd-M 1STI— 1L2ULYOS UNITUD]
a14gdopAy ¥l [erwuernd T S 009 AN-AYN-D AVN-SI-XI  1LTI- wingjayuadal WnIMUDY
9)AydorpAy P1 2111 ewuarad 1 8 009 009 Q0% MOd-HD SIDd-Sd- 0STI- Suadad wnog
a)AgdoIpAy 2111 fenuue I 8 00F 008 00¢ MDd-PD MDd-SdSL TITl- wnup1I3[1d Wnoung
[enuue 02— winsuvd wnomng
muﬁ_ﬁﬂs Istowr ra Tenuue I S 001 00y 00¢ Q<Z-mmnv~ @.V‘N 1— 204 UMIA0U UNITUD]

A
uotssaoons ajef ‘opeYs ‘71 ‘07 ‘69 [eruuarad p s 009 009  00¢ MDd-+D MDA-Sd-S £€8°CI- T i
9)2I0[ED puEs [1-6°8°9  [eruuaiad p 8 00  00S 00T HAN-AVN-D AYN-SI-M  2§TI— sadiuv] wndMDg
UOTSS0000S de[ ‘pues ¥1€1‘g  [emuuarad p $ 009 009  00¢ AN-AYN-FD AVN-Sd-  S87TI- ISUDUDYD]DY UINITUD]
Jelqer jom L9 [enuue 1 $ 00€  00€ 00T DI+ MOd-Sd €67CI— wngpadun wnIuog
oﬁmSm .vﬁ ﬁwﬁﬁﬁ.& @ S OOO MU VH-E MB.wNI SE%QUGNMQ&EmQ SEQNQS&

oouopuado uOSROS UOWIWO)  XBJA ULAI ,
adKy WLIOY

JelIqeY uoneIdfoA IMOID) [rejurey AZoo184Aug Awojpuy D¢1Q saroadsg

(ponunuoo) xipusddy



367

OECOLOGIA 106 (1996) © Springer-Verlag

SY01
pues
pues
pues
pues

[oARIS pues
pues

[10S MO[[RYS
SIS2I0 QUNp
swigiewr ued
ANLydorey
AAydorey
akydoyy
AAydorey
AAydorey
surdiew ved
sjelIqRY ISIoW
Q12I0[ED JUIES
pues

pues

pues

pues
20URQIMSIP ‘pues

[1os Apues
alydompn
pues

Julifes 1s10ul
QuIes JSIow
3001

SIBIIQRY 1SIOW
Juijes Istout
akydorey

S1RIIqRY IS0
p=gInisip
SIBIQRY ISTOW
SyeIqRY Js1oU
apeys

apeys
UOTISSI0NS 78] ‘Weo[
opeys
S131IqRY 1STOW
Ae[o is10UI
apeys

opeys

$}I01

S[10s AIp

UOISSI0INS e[

[ros Apues
001S$2201S 31e] ‘Ae]d
UOISSQ02NS )] ‘Weo|
U01$$900NS B[ ‘WERO]
1108 MO][eYS

i O <k

o
G~
wOO N
UBAJVE I S U S R

<

e
(AR
PLIT 6
14
¥LTLEL9
LTI

14!

YL TL6
$1 21 ‘11
PLII-6°L°9
14!

116
[1°01°L°9
!

P1El ‘11
0T °L9°1
I1-6°L9
[4!
124NN
vL 1l
r1°11°6

rersuaiad
[eruualed
[eruuorad
feruuarad
[eruuoxed
reruuazod
reruuaiad

[enuue
[eruuasad
reruuazod
reruuazad
feruuarad
reruuarad
[erauarad
[eiuuarad
reruuarod
[eruuazad
[eruuarod

[enuue
[eruuarad
[erugarad
reruuazad
rerauorad

reruuared
eruuarad
[enuue
renuue
retuuarad
Jeruuarad
feruuarod
[eruuarad
rerauazad
[eruuazad
Teruuarod
/ienuue
[euuaied
[eruuatad
rerunasad
fenuue
[enuue
eruuarad
[enuue
fenuue
[ewuazad
[enuue
[enuue
eruuorad
fenuue

reruuarad
fenuue
feruuarad
[eruuazad
Terauorad
[enuue

v—

TV T om o BV T T o DT o

T oom o= D@ TT TV T T VTV o omimt ot Do o o BT WO TVTWUT

P

TV OOV

z

E-

o

s A A w

2

R R TR N I 7 I T R

wow»n

72BN B 7 B

W W L AW L

w o w»

[ 3

00¢
009
00S
00v
009

00¥
009
009
00¢
00¢
00y

00¢
00¥
0Sy
009
009
00¢

00¢C

00T
00¢
00¢
00¢
00¢

009

00¢
00¢
009

009
009

009
00¢
009

00¢
00¢
oov

009
00¢
00¢
009
009
00¢

00¢

002
00¢
00T
00¢
00¢
oov
00¢
0s

007

00¢
00¢
00T
00¢
001

00t

00¢
0o¢
00¢

001
00¢

00¥
00v
00¢

001
00T
00¢

001
001
00¥
00¢
00¢
0o¢

JWN-AVN-¥D
dN-AVN-¥D
HN-AVN-7D
AN-AVYN-VD
dIN-AVN-VD
JN-AVN-¥D
JN-AVN-7O
AN-AVN-+D
AN-AVN-7D

AN-AVN-¥D
HN-AVYN-tD
ADd-vO
AN-AVN-¥D
AN-AVN-1D
HN-AVN-tD
ADd-¥D
HN-AVN-t+D
Dd-¥O
MDd-vD
AN-AVN-+D
AOd-vD
JWN-AVN-D

ADd-¥O
OO

AN-AVN-vO
AN-AVN-+O
ADd¥O
HN-AVN-+D
PRl 7]
dN-AVYN-1D
ADdPO

HN-dAVYN-vD
AN-dAVN-¥O
JN-dAVN-7D
AN-dAVN-¥D
dIN-dAVYN-PD
AN-dAVYN-¥D
HN-dAVN-tD
JWN-dAVN-+D
HWN-dAVN-¥D
AN-dAVN-¥D
HN-dAVN-VD
HN-dAVN-+D
HN-dAVN-vO
HN-dAVN-+D

ADd-¥O
ADAYO
AW-dAVN-¥D
HN-dAVYN-¥O
HN-dAVN-¥D
HN-dAVN-¥D

AVN-Sd-
AVN-Sd-

[7eR 78]

A A Ry mmmmmmmmm

=Y
< <
7.7 7

AVN-Sd-
AVN-Sd-
dVN-Sd-
AVN-Sd-
AVN-Sd-

dVN-Sd-
AVN-Sd-
ADd-Sd-
AVN-Sd-
AVN-Sd-

255
ZE7z
l7eR’eR’e!
Q«quﬂq

dAVN-SIN-X
dAVN-SIN-A
dAVN-SIN-M
dAVN-SW
dAVN-SIN-3
dAVN-SIN-X
dAVN-SIN-

19°¢i—
LLYI-
L1Iel—=
eCyl-
Soet—
PSeEl-
YL ET—
el
16'11—
8Tl
80'¥1—
9T el-
69°CI—
Srel-
wsl-
8ecel-
8L 11—
€eTl-
coel-
SLTI—
L6Cl—
SNl
eCel—

ceel—
6’ Cl—
coel-
el-
£9el—
9Cl—
el
cocl-
0cvl-
69°Cl—

LT
c0Cl—
oycl—
124
€911
179
[0
LOTl-
ceol—
19°01-
A A
Yo li-
6c' 11—
Syel—

LSTI-
SLCI—
YLTI—
08'11-
09 11—
y9CTI-

s1suaqnivd s135043vdug
p1v181sf susos8odig
pupa3aip s1soL3vdig
123Uty SusoLSvdus
S1SU2UDWDP S1IS0430d1S
DIDI1O SUSOLIDANS
v1jofiasiq $1180430dus
pppuioun sso18vdis
siyaqop $1380430dng
YOSIIMIPM SN]OGOLOdS
SnoIIS114 SN]j0qOoL0dS
snjjaua; SNj0qoLods
snuvifdpis snjoqoiods
snppords snjoqosods
snspps snjoqosods
128un.1 snjoqosods
stypprupidd snjoqoiods
snprongjad snjoqoiods
saproound snjogosodg
SNSOAIU SN]0GO40dS
snsopngau snjoqoLods
s1suaIILU SNjoqoLods
snpu1201 $Nj0qOIOdS

smppriquilf snjoqoiods
snaysaf snjogorods

12]8ua snjoqoiodg
SHUDI2PUDULOL0D SH]0qo40dg
SIIUISUOD $N]0goL0dS
nYIau0d SNjoqoLods
sund1qgIp snjoqosods
snunaLyp snjoqoiods
snijofiuion snjoqoiods
DULILIDU DULLIDAS

4010018424 WNYSTLOG
asuaday wWny3ios
40]021q WNYZI0§
18214f WnLISLYSL0§
DIDJJI011424 DIIDIDS
DIDJIISH DIIDIAS
p]2oDYds D1IDIFS
p170/11718DS DIIDIIS
vosnf-apiyd pLIDIRS
DIDSSDAIUL D1UDIDS
DUWAUOUIOY DIIDIIS
vt DS
vipmopuaddy VDI
SIPIOUIIDYIST DUITYDS

sapro1oydoddpd pup1uyss
SISUS LYY VEPIYIS
snpnsan wniyonziyos
WNAUIMSUDS WATIYOD2IYOS
usdaLffof winridyoviyog
apxa wndkyopziyog



OECOLOGIA 106 (1996) © Springer-Verlag

368

hydorey vl ‘6  [euared 1 s 009 009 00€ AN-AYN-+D AVYN-Sd-I  29TI— DSOIUIUIADS DIOY]]IM
o14ydospAy 1 [emuasad T $ 009 HA-dAVN-FD  dAVN-SIN-X  96°01— DIDPIASnI DISSOA
Akydoiphy ¥T [erunerad I S 009 AN-dAYN-FD  dAYN-SIN-S I T1- DUDILISIU DI4IALIA
pues PI°T1 [enuue p S 009 009 00¢ SMOd-+0 MOd-SdM SLTI- sndoyoLi] vojY0if)
peam 1101679 [enuue p S 00y  00¥ 00T MDD MOd-Sd- pETI- saproomund pojyoo4
Aepo ¥111°6  [ewuared p 8 00S 009 00€ SO0 MOd-Sd- 9L 11— DYO14308110 DOJYI04[]
116
Ae[d ‘110169 Jenuue p s 00 009 00T MDd-+0 MOd-Sd- LSTI- DUnkyoniq vopyd04[)
pues $T  [euuered p S 009 AN-dAVN-$D JAVYN-SIN-M  98°01— sapro4£dos8p un.3jaag]
pues $1  [eruuasad p S 009 AN-dAVN-FD  dAVN-SIN- #1 11— Dqodns DAYIDISIAL
sjearqey Isiow ¥1  [ewuerd 1 8 009 TN-dAVN-FD  dAYN-SIN-S LL°01— stuny81pou paYIDISIL
pues P1CLTT  erouared p S 00S 009 00t AN-AYN-+D MDI-SI- 9§°TI— HzUIYIS STYADALL]
11-6
pues ‘s3001 ‘L9T T  reuared p s 00€ 009 001 AN-AVYN-+D MDA-SIM €T DUSSISOUIDA S1YdDALL
pues P1°11-9 [enuue p s 00 009 001 AW-AYN-+D MOd-Sd-M vIEl- vandmd spydpaiif
pues 1 [enuue p M s 0s AN-AVYN-+D MDd-Sd- 08°T1— onpund stydparag
aAydoy v [erunerad p 8 00T 00T 001 AW-AVYN-+D AVN-Sd-  ST9I- snuigut uogod]
pues v1 ‘01T euuoiad p S 009 009 00¢ HN-AVN-+D AVN-Sd-X  OL€l—  SmumSipunis panauoyoL]
$o01 6°LT [enuue p $ 00T  00¢ 001 AN-AVYN-+D AVN-Sd-I  8T¢€I— SAPIOUISNI]D DANIUOYILL],
pues 1 ‘11-L‘7‘1  [emuared p S 00S 009 001 DD MDd-Sd- SSTI- QUYIDUOUL DUIDIOYILL
pues L9 [ewudrad p 8 00€  00€ 00T MOd-+0 MOd-Sd-M TTTI- s15U2dDO PUIDIOYOLLL
pues $1 ‘11-6 ‘L ‘9 [enuue p S 00S 009 00T AN-AYN-+D AVYN-Sd-  T€TI— SHSOWDODL SNSDA]
pues 4! [enuue p 8 00¥ 00§ 00t AW-AYN-+D AVYN-SII  €S°TI- snyppnounpad sndvif
feruuaied 6 AWN-AVYN-+D AVN-Sd-X  1021— $IPLO12]20Y SNIVL],
71
PRQINISIP “T1-6°L ‘9T [enuue p S 00 00§ 001 AN-AVYN-+D AVYN-Sd-I  L0°ST— SHUDIUOL349q SNEDA]
UOISS$I0NS 8] “WIBO[ 1 [eruuarad P S 009 AN-dAYN-¥D  dAVYN-SIN- Srer— snpords uododKiyonaf
UOISSI00NS 318 ‘WRO[ [ ‘[] ‘0f ‘9 [eruuazdd p S 009 009 00€  HW-dAVYN-+D dAVN-SW-I 65 11— DUPUDLA) DPIULIY ]
opeys 7T [eruuied p ] 00¥  00% 00¢ AW-AVN-+D AVYN-SdM  L6TI- smyjaua uosodpyay
UoIs
-$200n8 ey ‘[108 AY00I 2168 Temuasd p $ 00r  00F  00€ HW-dAVYN-YD JdAVYN-SIW-M  6L01- stunmSmbav vip1sin]
PI gl
[oAvIZ pues ‘119 ‘¢~  [eluuased p § 00€ 009 0S AN-AVYN-+D AVYN-SI-J  €€€I— suumpdiun syso43pdyg
pues =1 [enuue p M8 0¢ HN-AVN-+D AVN-Sd-  0T¢I- synpopgns sysod3vdisg
[oarI3 v'c  [ewuard p M S 0S AN-AVYN-+D AVYN-SI- €5CI— Uafovyas susouSvdig
saunp v  Tewuaied p M8 0$ HAWN-AVYN-+D AvN-SI-X  0LTI- DoINGDS S1S0AVdIg
pues 1 remusred p S 0$ AN-AVYN-+O AVN-Sd-J  S6TI- psopuin.L syso48vdilg
pues  €1°6-9 ‘b— [emudsad p M8 00T  00% 0S HN-AVYN-+D AVN-Sd-  sE¢l— vsniqo syso48vdyg
pues 4 [enuue p S 0¢ AW-AVYN-+D AVN-Sd-X  1¥'€l- sisuaquuvy syso48ndyg
pues [1°§—9‘p-C [erward p M ‘s 00  00F  OS TN-AYN-+D AVN-Sd-M  06'Cl— sisuanbowinu sysod3pdig
pues ¥ [eruuarad p M 0S AN-AVN-O AVYN-Sd-X  vIvI- Suss2yny Suso48pdirg
pues ¥ [euuard p 1) 0S AN-AVN-+D AVYN-Sd-M  €¥El- sadiupj syso43ndug
11
sooI pues ‘Ae[0  ‘6‘g ‘9 ‘Tl [eruuasd p 8 00c  00F  0OS AN-AVYN-+D AYN-Sd-M  £6TI— puvianasyooy susoispdig
+1 ‘€1 feruuarad
[oARIZ pues ‘[1 ‘69 ‘7 ‘1 /[eniuue p 8 00€ 009 0S AW-AVYN-+D AVN-Sd-)  €vCI- vun) 1143y Syso43vdug
pues €1  Tewuard p S 0S AW-AYN-+D AVN-Sd-I  98'¢I— HUUDULLY SS0L3DAUS
ﬁcwm ‘VIN ﬁmﬁﬁﬁuﬁug @ Mm ‘S Om m:\/ﬁuﬂaﬂzx._uo Q«QZ:W&:M :umﬁl h%&,u@uhcgﬁtew h.:.qﬁk.m@&.ﬁ_m‘
[oAeIE 6TT  ewmerad p S 00C  00¢ 0S AN-AVYN-+D AVYN-Sd-M  6L€E1- 115218 suso43vdug
pues v [euuarad P a 0$ AN-AVN-+D AVYN-Sd-I  ¢S'€1- vijofturuas sysoi3vdng
uopuada( UOSBIS UOWWOD)  XBA UTA
adKy wioJ
12IqeH uoneyasoA IMOID) Trejurey K3oro154yg Awoyeuy De1Q saroadg

(ponunuod) xrpuaddy



References

Besler H (1972) Klimaverhiltnisse und klimamorphologische Zo-
nierung der zentralen Namib (Stidwestafrika). Stuttg Geogr
Stud 83: 1-209

Buchmann N, Brooks JR, Rapp KD, Ehleringer JR (1995) Carbon
isotope ratios of C4 grasses is influenced by light and water
supply. Plant Cell Environ (in press)

Clayton WD (1981) Evolution and distribution of grasses. Ann
Miss Bot Gard 68: 5-14

Ehleringer JR, Monson RK (1993) Evolutionary and ecological
aspects of photosynthetic pathway variation. Annu Rev Ecol
Syst 24: 411-439

Ehleringer JR, Pearcy RW (1983) Variation in quantum yield for
CO, uptake among C3 and C4 plants. Plant Physiol 73:
555-559

Ehleringer JR, Hall AE, Farquhar GD (1993) Stable isotopes and
plant carbon-water relations. Academic Press, San Diego

Ellis RP (1977a) Distribution of the Kranz syndrome in the south-
ern African Eragrostoideae and Panicoideae according to bun-
dle sheath anatomy and cytology. Agroplantae 9: 73-110

Ellis RP (1977b) Leaf anatomy of the South African Danthonieae
(Poaceae) I. The genus Dregeochioa. Bothalia [2: 209-213

Ellis RP (1984a) Eragrostis walteri - a first record of non-Kranz
leaf anatomy in the sub-family Chloridoideae (Poaceae). S Afr
J Bot 3: 380-386

Ellis RP (1984b) Leaf anatomy of the South African Danthonieae
(Poaceae). IX. Asthenatherum glaucum. Bothalia 15: 153-159

Ellis RP (1986) Leaf anatomy of the South African Danthonieae
(Poaceae). XV. The genus Elytrophorus. Bothalia 16: 243-249

Ellis RP (1988) Leaf anatomy and systematics of Panicum (Po-
aceae: Panicoideae) in southern Africa. Monogr Syst Bot Miss
Bot Gard 25: 129-156

Ellis RP (1990) Tannin-like substances in grass leaves. Mem Bot
Surv S Afr 59: 59-77

Ellis RP, Vogel JC, Fuls A (1980) Photosynthetic pathways and
the geographic distribution of grasses in South West Afri-
ca/Namibia. S Afr I Sci 76: 307-314

Evans JR, Sharkey TD, Berry JA, Farquhar GD (1986) Carbon
isotope discrimination measured oncurrently with gas ex-
change to investigate CO, diffusion in leaves of higher plants.
Aust J Plant Physiol 13: 281-292

Farquhar GD (1983) On the nature of carbon isotope decrimina-
tion in C4 species. Aust J Plant Physiol 10: 205-226

Farquhar GD, Lloyd J (1993) Carbon and oxygen isotope effects
in the exchange of carbon dioxide between terrestrial plants
and the atmosphere. In: Ehleringer JR, Hall AE, Farquhar GD
(eds) Stable isotopes and plant carbon-water relations. Aca-
demic Press, San Diego, pp 71-92

Gebauer G, Schulze E-D (1991) Carbon and nitrogen isotope ra-
tios in different compartments of a healthy and a declining Pi-
cea abies forest in the Fichtelgebirge, NE Bavaria. Oecologia
87: 198-207

Gibbs Russell G, Watson GE, Koekemoer m, Smook L, Barker
NP, Anderson HM, Dallwitz MJ (1990) Grasses of Southern
Africa. Mem Bot Surv S Afr 58: 1-437

Giess W (1971) A preliminary vegetation map of South West Afri-
ca. Dinteria 4: 5-114

Hattersley PW (1982) 813C values of C4 types in grasses. Aust J
Plant Physiol 9: 139-154

Hattersley PW (1983) The distribution of C3 and C4 grasses in
Australia in relation to climate. Oecologia 57: 113-128

Hattersley PW (1992) C4 photosynthetic pathways variation in
grasses (Poaceae): its significance for arid and semi-arid lands.

OECOLOGIA 106 (1996) © Springer-Verlag 369
In: Chapman G (ed) Desertified grasslands: their biology and
management. Academic Press, London, pp 181-212

Henderson S, Hattersley P, Caemmerer S von, Osmond CB (1994)
Are C4 pathway plants threatened by global climatic change?
In: Schulze E-D, Caldwell MM (eds) Ecophysiology of photo-
synthesis. (Ecological studies, vol 100) Springer, Berlin Hei-
delberg New York, pp 529-552

Merxmiiller H (1970) Prodromus einer Flora von Siidwestafrika. J.
Cramer, Lehre

Mooney HA (1995) Global biodiversity assessment (GBA) Sec-
tion 6: Biodiversity and ecosystem function: basic principles.
UNEP, Nairobi

Miiller MAN (1983) Grasses of South West Africa/Namibia. De-
partment of Agriculture and Nature Conservation, Windhoek,
Namibia

Miiller MAN (1985) Griser Siidwestafrika/Namibias. J.Meinert,
Windhoek

Osmond CB, Ziegler H, Stichler W, Trimborn P (1975) Carbon
isotope discrimination in alpine succulent plants supposed to
be capable of Crassulacean acid metabolism (CAM). Oecolo-
gia 28: 323-328

Pate JS, Hopper SD (1994) Rare and common plants in ecosys-
tems, with special reference to the South-west Australian flo-
ra. Ecol Stud 99: 293-326

Penning de Vries FWT, Djitéye MA (1982) La productivité des
paturages saheliens. Pudoc, Wageningen

Prendergast HDV, Hattersley PW (1987) Australian C4 grasses
(Poaceae): leaf blade anatomical features in relation to C4 acid
decarboxylation types. Aust J Bot 35: 355-382

Prendergast HDV, Hattersley PW, Stone NE, Lazarides M (1986)
C, acid decarboxylation type in Eragrostis (Poaceae): patterns
of variation in chloroplast position, ultrastructure and geo-
graphical distribution. Plant Cell Environ 9: 333-344

Prendergast HDV, Hattersley PW, Stone NE (1987) New structur-
al/biochemical associations in leaf blades of C4 grasses (Po-
aceae). Aust J Plant Physiol 14: 403-420

Robicheaux RH, Pearcy RW (1984) Evolution of C3 and C4 plants
along an environmental moisture gradient: patterns of photo-
synthetic differentiation in Hawaiian Scaevola and Euphorbia
species. Am J Bot 71: 121-129

Schulze E-D, Mooney HA (1994) Biodiversity and ecosystem
function (Ecological studies, vol 99) Springer, Berlin Heidel-
berg New York

Schulze E-D, Schulze I (1976) Distribution and control of photo-
synthetic pathways in plants growing in the Namib Desert,
with special regard to Welwitschia mirabilis Hook. fil. Mado-
qua 9:5-13

Schulze E-D, Gebauer G, Ziegler H, Lange OL (1991) Estimates
of nitrogen fixation by trees on an aridity gradient in Namibia.
Oecologia 88: 451-455

Teeri JA, Stowe LG (1976) Climatic patterns and the distribution
of C4 grasses in North America. Oecologia 223: 1-12

Vogel JC, Fuls A, Ellis RP (1978) The geographical distribution of
Kranz grasses in South Africa. S AfrJ Sci 74: 209-215

Volk OH (1974) Griser des Farmgebictes von Siidwestafrika.
Windhoek SAW Wiss. Gesellschaft

Walter H (1964) Die Vegetation der Erde in 6ko-physiologischer
Betrachtung, vol 1. Die tropischen und subtropischen Zonen.
Fischer, Stuttgart

Walter H, Volk OH (1954) Grundlagen der Weidewirtschaft in
Stidwestafrika. Ulmer, Stuttgart

Watson L, Dallwitz MJ (1989) Grass genera of the world, 3rd edn,
microfiche. Research School of Biological Sciences, Austra-
lian National University, Canberra



