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Abstract. Descriptions of individual species responses to
temperature arerequired in order to assesstheimpact of future
global warming. The response of Rhododendron arboreumto
estimated mean annual temperature was investigated in the
Himalayas using General Additive Models (GAM) and Gen-
eralized Linear Models (GLM). The aim was to evaluate the
consistency between the response in population density along
elevation gradients versus response curves based on elevation
data from herbarium specimens and vegetation surveys. The
comparison was made with respect to (1) estimated tempera-
ture at the point of maximum response and (2) the shape of the
response curvesi.e. symmetric vs skewed.

All data indicate a single optimum between 12.3 and
10.8°C. The difference is only 0.4°C between the optimum
estimated from localities of herbarium specimens (frequency)
and the population density data. Thedifferenceislarger (0.7°C)
when the vegetation survey data are combined with the data
from the herbarium specimens. However, the differences are
small when the uncertainties in temperature estimation are taken
into consideration. The response curves based on herbarium
specimens and vegetation survey data (frequencies) are sym-
metric. A sigmoid response curve was estimated from her-
barium specimens (binomial data). The popul ation density along
the elevation gradients was, to some extent, asymmetric. This
may reflect the underlying biological structure, but sampling bias
and the numerica analyses may aso influence the results.

Keywords: Elevation gradient; Himalayas, Response opti-
mum, Rhododendron arboreum; Skewness.

Abbreviations: GAM = Generad Additive Model; GLM =
Generalized Linear Model; UTM = Universal Trans-Mercator.

I ntroduction

The need for accurate descriptions of the perform-
ances of individual speciesin response to temperature
has increased because of attempts to predict plant re-
sponse to global warming and future climatic change
(Austin 1992). It is a well accepted assumption that
species abundance has a single optimum which de-
creases away from the optimum, either along aclimatic
gradient (Whittaker 1956; Gauch & Whittaker 1972;
Jongman et al. 1987) or a biogeographical gradient
(Shelford 1913; Hengeveld & Haeck 1982; Brown 1984).

The classical Gaussian optimum curveis, however,
an idealized model and skewed and bimodal curves
have been demonstrated by several authors (e.g.
Whittaker 1967; Werger et al. 1983; Austin et al. 1984;
Austin & Gaywood 1994). Most of the recent theories
and hypotheses about response curves have been based
on studies of large binary data sets at a biogeographical
scale (Austin et al. 1990; Yee & Mitchell 1991; Austin
& Gaywood 1994; Bio et a. 1998; Franklin 1998).

The general approach in such analysesisto convert
second-hand data of species occurrence (e.g. distribu-
tion maps) into abinary data set (i.e. presence/absence)
by superimposing a grid onto the distribution map.
Climate data from the same grid-map can be used as
predictorsfor the binary response variables by means of
Generalized Linear Models (e.g. Austin et al. 1990).
Recent concerns about global climate change have in-
creased the need for information that can elucidate
species-temperature relationships. Data compiled from
herbaria, such as geocoded herbarium specimens in-
cluding altitude, may beused to generatethefirst graphi-
cal approximation of atemperatureresponse model for a
species (Yee & Mitchell 1991: cf. Westman 1991). A
binary data set can be obtained by using the presence of
other species, e.g. in the same genus, as absence val ues.
The idea of constraining the sample location to the
occurrence of a genus has been used for niche estima-
tion of Eucalyptus species, mainly based on data from
Eucalyptus forest (Austin et a. 1990). This approach
will alsoimplicitly set thelimitsof theanalysed gradient
(cf. Austin & Nicholls 1997; Oksanen 1997), thus the
genus should cover alarge part of the target gradient.

However, it is not certain that response patterns
estimated from herbarium data or other second-hand data
are similar to a response curve based on population
density along the same gradient at asmaller spatia scale
(Westman 1991; Ferrer-Castan et a. 1995). This paper
comparestheresponsein population density along eleva
tion gradients with response curves based on elevation
data from herbarium specimens and vegetation surveys
(i.e. second-hand data) in Nepal. To permit this compari-
son elevationisused to estimatethe explanatory variable,
i.e. mean annual temperature.
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Thegradient in thisstudy is constrained by the occur-
rence of the genus Rhododendron in the central Himala-
yas(Nepal), thetarget speciesisRhododendron arboreum.
The data are from Nepal, which lies centra to its geo-
graphical distribution range (Fig. 1). The species occurs
astwo subspeciesin thisregion and may have acomplex
response curve difficult to describe by parametric regres-
sion (Yee & Mitchell 1991; Austin et d. 1994; Oksanen
1997; Austin & Nicholls 1997). To describe the shape of
the response curve the non-parametric extension of Gen-
eralized Linear Models (GLM: Nelder & Wedderburn
1972) caled Genera Additive Models (GAM: Hastie &
Tibshirani 1990) was used. GAM allowsthe datato deter-
mine the shape of the response curve, but for the optimum
estimation GLM (Yee & Mitchell 1991) was used.

Interpretation of the predicted probability of occur-
rence is conditioned by the fact that the temperature
gradient is defined by the occurrence of the genus
Rhododendron. This will bias the result for a species
whose range reaches the end of the gradient, such asthe
target species here. The number of specimens docu-
mented for each 100 m interval was therefore also used
as aresponse variable (see methods and discussion).

The main aim was to check if the temperature re-
sponse based on second-hand datawas comparablewith
thetemperature response obtained from popul ation den-
sity data. Thiswas done with respect to (1) thetempera-
ture at the point of maximum response and (2) the shape
of the response curve, i.e. symmetric vs skewed. The
optimaestimated from theregression modelsrely onthe
assumption of an error-free explanatory variable
(Chatterjee & Hadi 1988), which is normally not the
caseinfield ecology (Birkset al. 1990; Y ee & Mitchell
1991). Thedifference between optimawill be discussed
in relation to the inevitable error in the temperature
estimates, which also has a practical implication for the
assessment of future changesin distribution.

Rhododentron arboreum

500 km

200 km

Vetaas, O.R.

Material and M ethods

Geography and second-hand data sources

Rhododendron arboreum is a large species with a
tree-type growth habit. Itsdistribution rangefollowsthe
Himalayan mountain range from Kashmir (India) in the
west to southwest Chinain the east (Fig. 1) (Chamber-
lain 1982), while there are also disunct populationsin
southern India and Sri Lanka. The data from herbaria
and vegetation surveys represent a part of this corridor
along the Himalayan mountains (Fig. 1).

There are 141 specimens of R. arboreum in the
herbarium data, which consist in total of 995 Rhodo-
dendron specimens (30 species) withelevationand UTM-
location (Noshiro 1997). The herbarium data were also
supplemented with data from vegetation surveys in
Quercus- and Abies forests ranging from 2100 to 3450
m as.l. R arboreum occupies the sub-canopy stratain
these forests (Vetaas 1997; Vetaas & Chaudhary 1998;
Maaren 1997; Dallard unpubl.). These data consist of
278 plots, 71 of which contain R. arboreum.

Elevation gradients

The sampling of population density data took place
alongtwo elevation gradientsin east Nepal from 1500 m
a.s.l. upto 3600 min (1) the Solu-Khumbu District (27°
30" - 50'N and 86° 40' - 50' E) and (lI) at Milke Danda
(27° 15' - 25'N and 87° 27' - 32' E) (Fig. 1). The choice
of elevation gradient was based on the elevation range
for R arboreum found in the literature: 1850-3650 m
a.s.l. (Chamberlain 1982) and 1500-3600 m a.s.l. (Hara
et al. 1982).

The upper parts of the gradients (> 2900 m as.l.)
have a cool temperate climate, a warm temperate cli-
mate is found at lower elevations. The climate station

Fig. 1. Map showing the distribution of Rhododendron
arboreumin the Himalayas and the | ocation of herbarium
specimens (e ) (Noshiro 1997), elevation gradients (1 and
2) and vegetation survey areas in Nepal (J). Kathmandu
(m ) and Mt.-Everest ( A) arealso shown. Coordinates are
degrees longitude E (X-axis) and latitude N (Y -axis)
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closest to the lowest sampling points has a mean annual
temperature of 16.4 °C (Okladunga at 1720 m) in area
(1) and 16.0 °C in area (Il) (Tapeljung a 1768 m). The
highest stationshavean annual mean of 3.9°Cinarea(l)
(Tengbocheat 3800 m) and 7.6°Cinarea(ll) (Wallung-
chola at 3048 m). The region has a monsoon climate
where 80% of the precipitation falls during the sum-
mer season (May to October) (ca. 1000-3000 mm/yr).
However, short showers are common during winter,
falling as snow above 2300 m a.s.l.

The forests along the gradient from 1500 m to 2900
m are classified as ‘Low to Mid-Montane Hemi-
SclerophyllousBroadleaf Forest’ (Singh & Singh 1987).
The canopy dominants are evergreen oak trees such as
Quercus glauca, Q. lanata, Q. lamellosa and Q.
semecarpifolia, with a sub-canopy layer of rhododen-
dronsincluding R. arboreum, R. barbatum, R. wallichi,
R. campanulatum and phanerophytes belonging to the
Lauraceae (Dobremez 1976; Vetaas & Chaudhary 1998).
Above 2900 m as.l. there is woodland dominated by
Abies spectabilis, R. campanulatum, R. wallichi and
shrubs dominated by Juniperus spp. (Dobremez 1976).

The area can be regarded as a cultural landscape
where the forests are often ‘idands’ in a matrix of
cultural activities, such asagricultureand grazing. There-
fore the forest sampled was of different sized patches,
often adjacent to vegetation modified by human activity
(Vetaas 1997).

Population density sampling

103 plots of 0.1 hawere sampled in area (1) (spring
1997) and 91 plots in area (I1) (spring 1998). Four or
five plots were sampled at each 100 m elevation inter-
val. Thefirst plot was selected in the forest adjacent to a
well-established footpath and included a mature tree
type rhododendron. Thiswas used as the centre point of
the first plot at a pre-defined elevation interval (e.g.
1500-1600 m). The remaining plots were at the same
elevation and were separated by a minimum distance of
30 m. Dueto inaccessibleterrain (i.e. inclination > 50 %)
the distance between the plots varied from 30 to 200 m.
The number of individuals, including saplings and seed-
lings, in each plot was counted. Where these tree type
rhododendronswere not observed from thefootpath at a
certain elevation, a search was conducted on either side
of the path. Zero population density was recorded when
R. arboreumwasabsent inaplot inhabited by another tree
type rhododendron or if no treetype rhododendronswere
found. The physical variables measured were (1) slope
inclination and (2) aspect, which were combined into a
Radiation Index, RI =f (aspect, inclination, latitude) (Oke
1987: 339-348) and (3) dtitude measured with an alti-
meter. Thestarting pointswere calibrated using acontour

map, and each new sample was rel ated to the one below
to reduce estimation error (cf. Beals 1969).

Temper ature estimation

A national lapse rate based on data from all over
Nepal (Anon. 1998; cf. Dobremez 1976) was used to
estimate the temperature for each 100 m interval. The
lapse rate predicts a decrease of 0.51 °C/100 m. The
starting point for the interpolation was 12.6 °C at 2350
ma.s.l., whichisthemean el evation and temperaturefor
the 10 climate stations closest to the areas where popu-
lation density datawere collected (Fig. 1). A scatter plot
between potential radiation and elevation revesled a
change in microclimate habitat along the elevation gra-
dients. Area () had enough rainfall stations to allow
estimation of mean annual rainfall for each elevation
interval (100 m).

Numerical analyses

Geocoded herbarium data are seldom used to esti-
mate the temperature responses of species (but see 'Y ee
& Mitchell 1991). There are severa potential problems
in this approach. 1. The herbarium specimens (as most
second-hand data) are not a random sample, but the
original collections were independent of the current
research question. In this study the data cover the full
elevation range. Checking that spatial temperature-el-
evation gradient is completely sampled is much easier
than for other environmental gradients which are less
unidirectional and continuousin space. 2. The approach
relies on the assumption that the number of individuals
collected are proportional to the speciesabundancealong
the elevation range. However, in areaswheretheflorais
well documented, collectors tend to collect taxa where
they are locally rare, resulting in a bias towards mar-
ginal locations. Inthe Himalayasthisisassumed to be a
minor problem at present. There is a possibility of
incomplete sampling (Kodric-Brown & Brown 1993),
but thisislesslikely for woody perennialsthan for rare
herbaceous species (cf. Box et a. 1993).

The herbarium data were first treated as a binomial
variable, i.e. presence of R. arboreum and absence (=
Rhododendron taxa other than R. arboreum). Since the
target species has the lowest occurrence of Rhododen-
dron specimens in Nepal the predicted probability of
occurrence will be biased (see Discussion). Therefore
the response variable was transformed to the number of
specimens documented for each 100 m interval. Only
the optimum based on the second-hand data (i.e. her-
barium data and survey data) were compared with the
population density data.

The population density data and the second-hand
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data were both analysed with General Additive Models
(GAM: Hastie & Tibshirani 1990) to estimate response
curves with estimated temperature as predictor (cf.
above). The population density data were square-root
transformed, to reduce over-dispersionintheregression
analyses (Snedecor & Cochran 1980). A cubic spline
smoother was used in GAM, which alows the data to
determine the shape of the response curve instead of
being limited by shapes available in parametric regres-
sion (i.e. straight lines and parabolas). The response
curvefor area(l) was also estimated after correcting for
Rl and estimated rainfall:

corrected response = measured response — estimated response

with Rl and rainfall as predictors.

The skewness of the predicted GAM responses was
evaluated graphically by superimposing a symmetric
Gaussian response on the same figure. The Gaussian
response was cal culated according to the formulagiven
by ter Braak & Looman (1987:42), with the same opti-
mum temperature as the GAM response and the toler-
ance set to a quarter of the range found in Table 1.

Optima extracted from the GAM curves are limited
tothetemperatures given by thelapserateat each 100m
interval. Therefore GLM was used to estimate optimum
temperature as it alows the optima to have values
between the lapse rate intervals (cf. Yee & Mitchell
1991) [optimum= —b,/2b, where b, and b, are first and
second order polynomial coefficients, ter Braak &
Looman (1987:42)]. An approximate confidence inter-
val for the optimum can be estimated from the polyno-
mial coefficients (b, and b,) and their correlation-
covariance matrix (Finney 1964 27-29, ter Brask &
Looman 1987). All GAM and GLM analyses were
made with both an assumed Gaussian and a Poisson
error distribution. The Anscombe residual from each
test was compared by drawing a diagnostic Q-Q-plot
(Chambers & Hastie 1993). This indicated that the
Poisson model was best for GLM and the Gaussian for
GAM. Thus the exponential polynomials were used
with a log-link function in GLM, and identity link in
GAM. All analyses were performed using the S-Plus
program version 3.3 (Anon. 1993).

Table 1. Response of Rhododendron arboreum to mean an-
nual temperature. Estimated optima of the population density
(Nr. of individual s/0.1 ha) with 95 % Confidence Interval (Cl)
based on GLM. Max and Min are observed limits.

Data sets Optimum= ClI Max Min
(1) Solu-Khumbu 123 + 049 16.7 6.5
(11) Milke Danda 108 + 024 147 75
(1) and (I1) 117 + 024 16.7 6.5
Herbarium data: frequency 11.3 + 055 19.4 45
As above + survey data 11.0 + 037 194 45
Herbarium data: binary 19.4 19.4 45

Results

Response optima and limits

The midpoint based on the elevation range in the
literature (1500 - 3600 m) (Hara et al. 1982, Chamber-
lain 1982) is equivaent to a temperature of 11.6 °C
(2550 m) if asymmetric Gaussian response is assumed.
All data sets indicate a single optimum (Fig. 2). The
estimated optima based on the population density data
are 10.8 and 12.3 °C (Table 1). These two models are
different, indicated by the graph (Figs. 2e and 2g) and
significant different regression coefficients (b, : F =
18.3 and b,: F = 27.5). The optimum estimated from
herbarium data (11.3 °C) is between the two optima
estimated from the population density data. The opti-
mum estimated from the two population density data
setscombined (11.7°C) isonly 0.4 °C different fromthe
estimate based on herbarium specimens. The difference
is larger (0.7 °C) when the vegetation survey data are
combined with the herbarium specimens data. The con-
fidenceinterval for the optimaislessthan the changein
temperature of + 100 m elevation interval (cf. lapse
rate), except for the optimum based only on herbarium
data (Table 1).

The ranges shown in Table 1 are the estimated tem-
peratures at the highest and lowest observations of R.
arboreumfor each dataset. R. arboreumdistribution was
continuous from 1500 to 3600 ma.s.l. inarea(l) but was
absent from 1500-1800 m a.s.l. and 3400-3600 mas.l.in
area (I1). The elevation range is much wider for the
herbarium observationsthan the elevation gradients. The
highest herbarium observationisat 3950 mas.l. (4.5°C)
and the lowest at 1050 m a.s.l. (19.4 °C). The herbarium
dataarein partial agreement with recent literature (Cox &
Cox 1997). The relationship between eevation and Rl
shows that high radiation is common for plots at higher
elevation and vice versa at lower elevation (Fig. 3c).

Response shape

R. arboreum showed no sign of abimodal structure
in response to temperature in any of the data sets. A
clear unimodal response was found for all data sets,
except for thebinomial herbarium data. Here, asigmoid
response shape was estimated (Fig. 2a) which indicates
that the probability of finding R. arboreumis highest at
low elevations given that the genus Rhododendron oc-
curs. All the unimodal responses were confirmed in
GLM by a highly significant second-order polynomial
and a non-significant third-order polynomial. The sec-
ond-hand data have a symmetric response curve signi-
fied by the closeness between the GAM and Gaussian
curves (Figs. 2b and 2c).
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The population density data from area (1) and the
population density data combined appear symmetric,
but slightly different from the Gaussian curve (Figs. 2e
and 2h). A clear positive skewed curve with the tail
towards the warmer end of the gradient isfound in area
(1) (Fig. 2g). The skew is most obvious when the
regression model is corrected for Rl and estimated rain-
fall asfor area(l) (Fig. 2f).

Discussion

Optima

The interpretation of the population density optima
is biologically clear, but these optima may differ from
the temperature interval where maximum cover of R.
arboreum is found. This is because a low number of
recruitsis found in pure R. arboreum forest. The inter-
pretation of optimabased on frequency per 100 minterval
is, however, not clear cut. Thisis seenin Fig. 2d, which
shows that if R. arboreum occurs, the temperature is
most probably 11.0°C. Thereal meaning of probability
and relative frequency is a matter of philosophicd de-
bate (Wonnacott & Wonnacott 1977). However, if one
accepts the assumption that the number of specimens
collected is proportional to the abundance of R. arboreum
aong the el evation gradient then the ecological meaningis
that the optimum will be closeto 11.0 °C.

The difference in optima between thisfirst approxi-
mation based on second-hand data and popul ation den-
sity datais very small. The reason for thismay relate to
two phenomena: 1. R. arboreumisalarge specieswhich
is easy to observe and is common in the sampling area.
Thisreducesthechancesof incomplete sampling (Brown
1984; Kodric-Brown & Brown 1993). However, the
elevation range for the population density data is to
some extent incomplete as the elevation range found in
the herbarium datais greater (Table 1); (2) Temperature
is probably one of the best predictors of plant distribu-
tion (Woodward 1987) and is operative at different
spatial scales (Woodward & Williams 1987). Although
mean annual temperatureisnot an operational factor for
plant survival (Woodward & Williams 1987; Wood-
ward 1997), it is probably highly correlated with the
ecophysiological conditions under which plants gener-
ally survive. In this study the optimum corresponds to
an elevation at which there is a relatively high annual
rainfall (Fig. 3b). Rainfall isavery important factor and
explains 39% of thedevianceinthemodel fromarea(l),
which is almost the same as the deviance explained by
temperature as a single factor in both areas (Table 2).

The temperature-elevation gradient is probably one
of the most continuous ecological gradients at a large

scale. However, thevariation in potential solar radiation
at the same eevation interval illustrates indirectly the
discrepancy between actual and estimated temperatures
(Neilson et a. 1992). The interpolated temperature at
thelocation of the plot or specimen may also be inaccu-
rate due to the residual standard error of the lapse rate
model (1.0 °C Anon. 1998). In addition, rapid changein
air pressure in mountainous areas causes errorsin esti-
mating elevation, but the error is probably less than one
elevation interval (100 m a.s.l. = 0.51 °C) since each
new sampling interval wasrelated to the onebelow. The
discrepancy between the optima (Table 1) isvery small
if one takes al these uncertainties into consideration.
Consequently it islegitimate to express the temperature
optimum of R. arboreum as an interval of 12.3t0 10.8
°C, rather than an exact value (e.g. 11.5 °C, the midpoint
between the two main predictions) (Table 1). An opti-
mum interval is in accordance with the idea of a dy-
namic optimumwhich alternatesover generationswithin
agiveninterval (Gaston 1990; Hengeveld 1997; Shugart
1998), where the pace of movement will depend on the
longevity of the species. On the other hand optima
expressed as intervals rather than exact values will
complicate the attempt to predict future changes in
biogeographical distribution asaresult of global changes
(e.g. Huntley et al. 1995; Saetersdal & Birks 1997;
Franklin 1995 and references therein).

Response shape

Two subspecies of R. arboreum are found in Nepal
and a bimodal response curve might therefore be ex-
pected (Whittaker 1967) but thiswas not found (but see
Vetaas 1998). The sigmoid response based on the
binomial herbarium data is an artefact because R.
arboreum has the highest temperature limits of all the
Rhododendron speciesin the data. Many absence val-
ues beyond the minimum temperature and a lack of
absenceval ues higher than maximum temperature cause
an ecologically invalid response shape (Fig. 2a). This

Table 2. Regression statistics for the modelsin Fig. 2.

Fig. Dev df Term Res Res % Dev-
-Dev df Expl Chi(p)

2b 543.3 29 s(temp) 2317 249 50 p<0.001
2c 22694 29 g(temp) 11565 249 41 p<0.001
2e 13429 102 S(temp) 7655 979 41 p<0.001
2g 1062.6 90 s(temp) 4066 859 60 p<0.001
2h 28202 193 S(temp) 1966.2 1889 29 p<0.001
2f 13429 102 g(rain) 7889 979 39 p<0.001
§(ri) 7353 929 3 p<0.001
s(temp) 586.7  89.9 17 p<0.001
Dev = Total Deviance; Res-Dev = Residua Deviance; % Dev-Expl =
percent Deviance explained; x (p) = probability of the x-test; s(temp) =
smooth function of mean annual temperature; rain = mean annual rainfall;
ri = radiation index — s(ri) is not significant if the F-test is used.
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illustrates the problems related to the interpretation of
‘probability of occurrence’ for a species whose range
reaches the end of the gradient, especially when there
are no other co-analysed species, as in this study. The
interpretation may belegitimate when two or more species
reach the end of aprimary gradient, as shown by Yee &
Mitchell (1991), but the response curve close to the end
point istill strongly influenced by the degree of absence
values given by other co-analysed species. To avoid this
only species with a certain number of zero observations
beyond the lowest or highest positive observation should
beincluded (Austin et al. 1994; Franklin 1998).

A different approach isto use only presence values,
i.e. frequencies per elevation interval. This gave asym-
metric response curve (Fig. 2b and ¢). However, species
responses along a given ecological variable may simply
appear as frequency distributions of that particular eco-
logical variableif only presencevaluesareincluded (see
above) (Kershaw & Looney 1985: 29). The interpreta-
tion of response shapes based on population density are
preferred because they areindependent of thefrequency
of the predictor. Thisis because the sampling intensity
along the elevation gradient is amost uniform. This
gave a more asymmetric response, where two models
have tails towards the warmer end of the gradient (Fig.
2f, g). According to the conceptual model by Austin &
Gaywood (1994) the tail should have been towards the
colder end of the gradient since the optimum of R.
arboreum (11.5°C) islocated at the warmer end of the
temperature gradient. This latter location is true when
the gradient is constrained by the occurrence of
Rhododendron (—1.3to 19.8°C) or by the occurrence of
vascular plants (—8.6t0 24.8°C) in Nepal. However, the
direction of the tail may be a consequence of the eleva-
tion itself. A tail towards high temperature (low eleva-
tion) may be caused by a down-slope distribution of
seeds (cf. Beads 1969; Hengeveld 1985). Since R.
arboreum is a long-lived species individuals at low
elevations may have survived from larger populations
present during acooler period, such astheLittlelce Age
or other neoglaciation periods in the Himalayas
(Réthlishberger 1986). Thismay illustratethat theasym-
metric responses are aresult of an underlying biological
process, but sampling bias and the numerical treatment
used may also have influenced the result (Austin et al.
1984; Yee & Mitchell 1991).

However, itisrevealing that the optimaintervalsare
similar for data sampled at different spatial scales and
very different biological sampling resolutions. Theresults
suggest that data from herbarium specimens across an
€levation range can be compared with population density
data aong that range, but the approach is probably best
for perennial species which are easily recognized and
relatively common.

Acknowledgements. | thank H.J.B. Birks, M.P. Austin, J.
Oksanen, JA. Grytnes, E. Heegaard and two anonymous
referees for comments, and S. Peglar for improving the Eng-
lish text. Thanksto S. Noshiro, D. Dallard and |. Maaren who
made data available. The work was supported by the Norwe-
gian Research Council (Project no. 113700/730) and Grolle
Olsens legat.

References

Anon. 1993. Statistical Science. S-plus for Windows. Version.
3.2. StatSci. A division of Mathsoft, Inc., Sedttle.

Anon. 1998. Seasonal variation of temperaturelapserate (°C/
1000 metre) for Nepal. HMG Department of Hydrology
and Meteorology, Kathmandu. (Unpubl. note.)

Austin, M.P. 1992. M odelling theenvironmental nicheof plants:
implicationsfor plant community responseto elevated CO,
Aust. J. Bot. 40: 615-630.

Augtin, M.P. & Gaywood, M.J. 1994. Current problems of
environmental gradients and species response curves in
relation to continuum theory. J. Veg. ci. 5: 473-482.

Austin, M.P. & Nichalls, A.O. 1997. To fix or not to fix the
species limits, that is the ecologica question: Response to
Jari Oksanen. J. Veg. ci. 8: 743-748.

Austin, M.P., Cunningham, R.B. & Flemming, P.M. 1984. New
approach to direct gradient analysis using environmental
scalars and statistical curve-fitting procedures. Vegetatio
55: 11-27.

Austin, M.P., Nicholls, A.O. & Margules, C.R. 1990. Measure-
ment of therealized qualitative niche: environmental niches
of five Eucalyptus species. Ecol. Monogr. 60: 161-77.

Austin, M.P., Nichalls, A.O., Dohherty, M.D. & Meyers, JA.
1994. Determining species response functions to an envi-
ronmental gradient by meansof abeta-function. J. Veg. <ci.
5: 215-228.

Beals, E.W. 1969. Vegetational change along altitudinal gradi-
ents. Science 165: 981-985.

Bio, A.M.F., Alkemade, R. & Barendregt, A. 1998. Determin-
ing dternative models for vegetation response analysis: a
non-parametric approach. J. Veg. &ci. 9: 5-17.

Birks, H.JB., Line, JM., Juggins, S., Stevenson, A.C. & ter
Braak, C.J.F. 1990. Diatom and pH reconstruction. Phil.
Trans. R. Soc. Lond. B 327: 263-278.

Box, E.O., Crumpacker, D.W. & Hardin, D.E. 1993. A climate
model for location of plant species in Florida, U.SA. J.
Biogeogr. 20: 629-644.

Brown, J.H. 1984. On the relationship between abundance and
distribution of species. Am. Nat. 124: 255-279.

Chamberlain, D.F. 1982. Revision of Rhododendron Il -
subgenus Hymenanthes. Notes R. Bot. Garden Edinb. 39
2.

Chambers, JM. & Hastie, T.J. (eds.) 1993. Satistical modelsin
S Chapman & Hall, London.

Chatterjee, G. & Hadi, A.S. 1988. Sensitivity analysisin linear
regression. John Wiley & Sons, NY.

Cox, P.A. & Cox, K.N.E. 1997. The encyclopaedia of Rhodo-
dendron species. Glendoick Publ., Perth.

Dobremez, JF. 1976. Le Népal: Ecologie et biogéographie.
Centre National de la Rechereche Scientifique, Paris.



666 Vetaas, O.R.

Ferrer-Castan, D., Cavo, JF., Esteve-Selma, M.A., Torres-
Martinez, A. & Ramirez-Diaz, L. 1995. On the use of three
performance measures for fitting species response curves.
J. Veg. i 6: 57-62.

Finney, D.J. 1964. Satistical methods in biological assay.
Griffin, London.

Franklin, J. 1995. Predictive vegetation mapping: geographic
modelling of biospatial patternsin relation to environmen-
tal gradients. Progr. Phys. Geogr. 19: 474-499.

Franklin, J. 1998. Predicting the distribution of shrub speciesin
southern Cdlifornia from climate and terrain derived vari-
ables. J. Veg. i, 9: 733-748.

Gaston, K.J. 1990. Patternsinthegeographical rangesof species.
Biol. Rev. 65: 105-129.

Gauch, H.G. & Whittaker, R.H. 1972. Coenocline simulation.
Ecology 53: 446-451.

Hara, H., Chater, A.O. & Williams, H.J. 1982. An enumeration
of the flowering plants of Nepal, Val. I11. British Museum
Natural History, London.

Hastie, T.J. & Tibshirani, R.J. 1990. Generalized additive mod-
els. Chapman & Hall, London.

Hengeveld, R. 1985. On the explanation of the elevation effect
by a dynamic interpretation of species distribution along
altitudinal gradients. Blumea 30: 353-361.

Hengeveld, R. 1997. Impact of biogeography on a population-
biological paradigm shift. J. Biogeogr. 24: 541-547.

Hengeveld, R. & Haeck, J. 1982. Thedistribution of abundance
|. Measurements. J. Biogeogr. 9: 303-316.

Huntley, B., Berry, P.M., Cramer, W. & McDonald, A.P. 1995.
Modelling present and potential future ranges of some
European higher plants using climate response surfaces. J.
Biogeogr. 22: 967-1001.

Kershaw, K.A. & Looney, JH.H. 1985. Quantitative and dy-
namic plant ecology. 3rd ed. Arnold, London.

Kodric-Brown, A. & Brown, JH. 1993. Incomplete data setsin
community ecology and biogeography: a cautionary tale.
Ecol. Appl. 3: 763-742.

Jongman, R.H.G., ter Braak, C.J.F. & van Tongeren, O.F.R.
1987. Data analysisin community and landscape ecol ogy.
Pudoc, Wageningen.

Maaren, |.E. 1997. Community and population dynamics in
Quercus semecarpifolia forest along a disturbance gradi-
entin the Annapurna Area, Nepal. Thesis University of
Bergen.

Neilson, R.P. King, K.A., DeVélice, RL. & Lenihan, JM.
1992. Regional and local vegetation patterns: the response
of vegetation diversity to subcontinental air masses. In:
Hansen, A.J. & di Castri, F. (eds.) Landscape boundaries,
pp. 129-149. Springer, New York, NY.

Nelder, JA. & Wedderburn, R.W.M. 1972. Generalized linear
models. J. R. Sat. Soc. 135: 370-380.

Noshiro, S. 1997. Distribution mapsof Rhododendronin Nepal.

Newdlett. Himalayan Bot. 21: 21-28.

Oke, T.R. 1987. Boundary layer climates. Methuen, London.

Oksanen, J. 1997. Why the beta-function cannot be used to
estimate skewness of speciesresponses. J. Veg. Sci. 8: 147-
152.

Réthlishberger, F. 1986. 10000 Jahre Gletschergeschichte der
Erde. Verlag Sauerlander, Aarau.

Saetersdal, M. & Birks, H.J.B. 1997. A comparative ecological
study of Norwegian mountain plantsin relation to possible
future climatic change. J. Biogeogr. 24: 127-152.

Shelford, V. E. 1913. Animal communitiesintemperate America.
Chicago University Press, Chicago, IL.

Shugart, H.H. 1998. Terrestrial ecosystems in changing envi-
ronments. Cambridge University Press, Cambridge.

Singh, J.S. & Singh, S.P. 1987. Forest vegetation of theHimd aya
Bot. Rev. 53: 80-192.

Snedecor, G.W. & Cochran, W.G. 1980. Satistical methods.
7th ed. lowa University Press, lowa, |A.

ter Braak, C.JF. & Looman, C.W.N. 1987. Regression. In:
Jongman, R.H.G., ter Braak, C.J.F. & van Tongeren, O.F.R.
(eds.) Data analysis in community and landscape ecology,
pp. 29-77. Pudoc, Wageningen.

Vetaas, O.R. 1997. The effect of canopy disturbance on species
richnessin central Himalayan oak forest, Nepal. Plant Ecol.
132: 29-38.

Vetaas, O.R. & Chaudhary, R.P. 1998. Scale and species-
environment relationshipsin central Himalayan oak forest,
Nepal. Plant Ecol. 134: 67-76.

Vetaas, O.R. 1998. Separation of sub-species dong atempera-
ture gradient. In: Sjggren, E., van der Maarel, E. &
Pokarzhevskaya, G. (eds.) Stud. Plant Ecol. 20: 9.

Werger, M.JA., Louppen, JM.W. & Eppink, JH.M. 1983.
Species performance and vegetation boundaries along an
environmental gradient. Vegetatio 52: 141-150.

Westman, W_.E. 1991. Measuring realized niche space: climatic
response of chaparral and coastal sage scrub. Ecology 72:
1678-1684.

Whittaker, R.H. 1956. V egetation on Great Smoky Mountains.
Ecol. Monogr. 26: 1-80.

Whittaker, R.H. 1967. Gradient analysis of vegetation. Biol.
Rev. 49: 207-264.

Wonnacott, T.H. & Wonnacott, R.J. 1977. Introductory statis-
tics. 3rd ed. Wiley, New York, NY.

Woodward, F.I. 1987. Climate and plant distribution. Cam-
bridge University Press, Cambridge.

Woodward, F.I. 1997. Life at the edge: a 14-year study of a
Verbena officinalispopul ation’ sinteraction with climate. J.
Ecol. 85: 899-906.

Woodward, F.I. & Williams, B.G. 1987. Climate and plant
distribution on global and loca scale. Vegetatio 69: 189-197.

Yee, T.W. & Mitchell, N.D. 1991. Generalized additive models
in plant ecology. J. Veg. Sci. 2: 587- 602.

Received 20 August 1999;
Revision received 24 March 2000;
Accepted 30 March 2000.
Coordinating Editor: J. Oksanen.



