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Soil Nutrient Status and Its Impact on the Growth of Three
Rhododendron Species in a Temperate Forest of

the Eastern Himalayas, India

Sanjeeb Bharali,”¥  Ashish Paul,” Mohamed Latif Khan”

[ Summary ]

Soils within forests not static but rather are dynamic in space and time, and they play key
roles in plant growth and species’ distributions within the forest. The present study examined varia-
tions in soil physicochemical properties in space and time and their impacts on the growth of 3
Rhododendron species in a temperate forest of the eastern Himalayas. Soil samples collected from
different soil depths were analyzed on a seasonal basis for 2 consecutive years from 3 different
study sites along an elevational gradient. To study the impacts of soil properties on growth, 3 Rho-
dodendron species were selected: R. kendrickii, R. grande, and R. mechukae. The growth of these
3 species was studied through random tagging at each study site. Seasonal growth in height and
collar diameter was recorded at 4-mo intervals for a period of 2 yr. Correlation analyses were con-
ducted to understand the impacts of soil parameters on rhododendron growth. Soil physicochemi-
cal properties showed significant variations with depth, season, and elevation. The growth in height
of R. kendrickii and R. grande showed positive correlations with pH, while that of R. mechukae
exhibited a negative correlation. On the other hand, pH exhibited positive correlations with growth
in collar diameter for all selected rhododendrons. Moreover, growth in height and collar diameter
of all selected rhododendrons showed negative correlations with the soil moisture content, organic
carbon, and total nitrogen. Available phosphorus and exchangeable potassium exhibited positive
correlations with growth of both height and collar diameter of all selected Rhododendron species.
There was seasonal variability in nutrient availability at different elevations. The soil was more
acidic at higher elevations, and organic matter accumulation affected the availability of various
nutrients required by the plants. Further, the growth of the selected Rhododendron species was af-
fected by the nutrient availability at different study sites.
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INTRODUCTION

Changes in vegetation and climate are
fundamental characteristics of mountain
ecosystems, and result in variations in micro-
climates. Differences in the insolation period
occur depending on the site aspect, thereby
forming a range of microclimates in multifac-
eted landscapes. The microclimate is linked
to soil moisture and the distribution of par-
ticular plant communities (Holland and Steyn
1975). Elevational gradients create various
climates, and along with resultant soil differ-
entiation, promote the diversification of plant
species (Brown 2001, Lomolino 2001). There
are spatial and temporal variations in physi-
cochemical characteristics of forest soils due

to variations in topography, climate, physi-
cal weathering processes, vegetative cover,
microbial activities, and several other biotic
and abiotic variables (Paudel and Sah 2003).
According to Whittaker (1975) elevationally
defined climatic and soil factors are consid-
ered to be primary determinants of changes in
species composition and community structure
in montane areas. Elevation itself represents a
complex combination of related climatic vari-
ables closely correlated with numerous other
environmental properties like soil texture,
nutrients, substrate stability, etc. (Ramsay and
Oxley 1997). At 1 elevation, cofactors like to-
pography, aspect, inclination of the slope, and
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soil type further affect the forest composition
(Holland and Steyn 1975). The vegetation of
an area in turn plays an important role in the
process of soil formation (Chapman and Reiss
1992).

Among various microenvironmental fac-
tors, soil nutrients are key factors affecting
plant growth and species’ distributions within
a forest (Brunner et al. 1999, Molles 2002).
Soils within forests are not static but instead
are dynamic in space and time. Plant tissues
of both the aboveground litter and below-
ground root detritus are the main sources of
soil organic matter (SOM), which influences
physicochemical characteristics of soils such
as the pH, water-holding capacity (WHC),
texture, and nutrient availability (Johnston
1986). The large increase in organic matter
from woody debris results in “fertilization” of
the forest floor, which adds to the elemental
pools available for release by decomposers
(Likens et al. 1978). Moreover, other pro-
cesses such as evapotranspiration, decom-
position, and nitrogen transformation also
change (Witkamp 1971, Likens et al. 1978)
along elevational gradients. The importance
of nutrient factors in a community or region
depends on their amounts and distributions
(Saarsalmi et al. 2001). Nutrient supplies vary
widely among ecosystems (Binkly and Vi-
tousek 1989), resulting in differences in plant
community structure and production (Ruess
and Innis 1977). Many workers concluded
that forest soils influence the composition of
forest stands and ground cover, the rate of
growth, and the vigor of natural reproduction
(Bhatnagar 1965, Paudel and Sah 2003).

Rhododendron species act as keystone
species in high-elevation regions of the east-
ern Himalayas and thus maintain biological
communities in this fragile region. They
form a wide variety of forests in temperate,
sub-alpine, and alpine regions that support a
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large range of biodiversity, which provides
food and shelter to wildlife, and also stabilize
montane soil profiles and prevent soil ero-
sion. Apart from these beneficial services,
rhododendrons also have good horticultural
value. Therefore, it is of utmost importance to
assess the growth behaviors of rhododendrons
with respect to elevation and soil parameters.
Although many studies have been carried out
in Arunachal Himalaya (Behera et al. 2002,
Paul 2008), no study has been conducted to
understand variations in soil parameters and
their impacts on rhododendron growth along
an elevational gradient. In light of this, in the
present study, we examined (i) variations in
soil physicochemical properties in space and
time and (ii) their impacts on the growth of 3
Rhododendron species.

MATERIALS AND METHODS

Study site

The study was carried out in a temperate
rhododendron forest in West Siang District
of Arunachal Pradesh, India. Three sampling
sites were selected along an elevational gra-
dient at Shegong (1900~2100 m), Hanuman
Camp (2100~2300 m), and Yarlung (> 2300
m). The study sites are within the Himala-
yan range and are characterized by rough
topography with mountains, deeply incised
valleys, escarpments, and plateaus. Broadly,
the rock types of the study sites can be cat-
egorized into 2 distinct groups of (i) meta-
sedimentaries and (ii) gneisses. According to
climatic conditions, 4 distinct seasons can be
characterized at the study sites. In December
to February, representing winter, maximum
snowfall takes place and temperatures drop
below freezing. March to May represents
spring with little rain, whereas June to Sep-
tember with the maximum total annual rain-
fall represents the rainy season (monsoon),
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and October to November represents autumn
(post-monsoon) with few showers. Forests
have sparse canopies, and the floor is covered
with spongy humic layers. The dominant tree
species of the study sites are R. grande, R.
kendrickii, Taxus wallichiana, Abies spp., 1I-
licium griffithii, and Pinus wallichiana.

Soil sampling and processing

Soil samples were collected in winter,
summer, and the rainy seasons for 2 consecu-
tive years. Triplicate samples were collected
from 3 different depths (0~10, 10~20, and
20~30 cm) with a soil corer (5.5 cm in diam-
eter) at each study site. Replicate samples at a
given depth at each study site were thorough-
ly mixed to obtain a composite sample. Sam-
ples for bulk density were collected at each
depth from respective study sites. Samples
were collected in air-tight polythene bags and
taken to the laboratory. In the laboratory after
determining the moisture content, the soil
samples were air-dried, crushed, and sieved
through a 2-mm mesh sieve to remove stone
particles and gravel and then passed through
a 0.5-mm mesh screen for analyzing various
physical and chemical properties. The soil
texture, bulk density, soil porosity, and water-
holding capacity (WHC) were analyzed once,
whereas soil moisture, pH, organic carbon
(SOCQ), total nitrogen, available phosphorus,
and exchangeable potassium were analyzed
on a seasonal basis.

Physical properties

The soil texture was determined by the
hydrometer method described by Bouyoucos
(1962). The soil bulk density and porosity
were determined by following the methodol-
ogy of Allen et al. (1974). The WHC was de-
termined by Keen’s box method (Piper 1942).
The soil moisture content was determined
gravimetrically, while the pH was determined

electrometrically with a digital pH meter
(Systronics-335, Ahmedabad, India) ina 1: 2.5
suspension of soil in deionized water (Ander-
son and Ingram 1993).

Chemical properties

SOC was determined according to
Walkley and Black’s (1934) rapid titration
method. Total Kjeldahl nitrogen (TKN) was
determined in a Kjeldahl nitrogen analyzer
(Kjeldahl apparatus consisting of a KELP-
LUS KES 12L digestion block, KELPLUS
KEL VAC suction unit, and KELPLUS
DISTYL-EM distillation unit; Pelican, Chen-
nai, India) following Allen et al. (1974).
Available phosphorus was extracted from the
soil using the Bray and Kurtz no. 1 procedure
(Bray and Kurtz 1945) and estimated in a
spectrophotometer (Systronics UV Visible
Spectrophotometer 117, Ahmedabad, India).
Exchangeable soil potassium was determined
by extracting soils using 1 M ammonium
acetate solution buffered to pH 7.0, followed
by measuring the potash (Allen et al. 1974) in
the extracts on a flame photometer (Systronics
Flame Photometer 130, Ahmedabad, India).
Each analysis was performed in triplicate, and
the results are expressed in percentage.

All data were statistically analyzed us-
ing STATISTICA 6 (StatSoft, Inc. 2001) and
interpreted accordingly.

Impacts of soil properties on rhododen-
dron growth

To study the impacts of soil properties
on growth, 3 Rhododendron species were se-
lected: R. kendrickii Nutt., R. grande Wight,
and R. mechukae Mao & Paul. Of these 3
species, R. kendrickii is the dominant species
at Shegong, whereas R. grande dominates
the Hanuman Camp site, and R. mechukae
dominates at Yarlung. However, R. mechukae
does not occur at Shegong. The growth of
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rhododendrons was studied through random
tagging of 30 healthy, uniform individuals (of
1.5~2 m in height and 15~20 mm in collar di-
ameter) of each species at all study sites. The
seasonal growth in terms of height and collar
diameter was recorded at 4-mo interval for a
period of 2 yr (November 2008 to November
2010). The impact of soil parameters on the
growth of these rhododendrons was studied
using correlation analyses.

RESULTS

Bulk density and porosity

Soil bulk density at different depths and
at the 3 study sites significantly varied (¥ =
928.85 and 70.13, respectively, p < 0.001).
Bulk density increased with depth and eleva-
tion. On the other hand, porosity decreased
with depth and elevation (Table 2).

WHC

The WHC of the soils did not show sig-
nificant variations among sites. However, it
significantly declined (F = 74.0, p < 0.001)
with depth (Table 2).

Soil texture
Soil particle sizes showed a sandy-clay
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loam texture at respective depths and all study
sites (Table 2).

Moisture content

The soil moisture content significantly
differed (F = 118.4, 46.9, and 727.7, re-
spectively, p < 0.001) at various soil depths,
study sites, and sampling periods. It was
significantly high in the upper soil layer and
at higher elevations. Moreover, the highest
soil moisture content was recorded during the
rainy season (Fig. 1).

pH

Soils at all study sites were acidic in
nature, ranging 3.83~4.98. The soil pH at dif-
ferent depths, study sites and sampling season
significantly differed (¥ = 140.9, 373.4, and
133.4, respectively, p < 0.001). The soil pH
gradually increased with depth, while it de-
creased with elevation (Fig. 2). The maximum
soil pH was recorded in winter, and the mini-
mum in the rainy season at all study sites.

SOC

SOC was found to be significantly higher
(F=103.9, p <0.001) during the rainy sea-
son at all study sites (Fig. 3). It significantly
increased with elevation and decreased with

Table 2. Physical properties of soils at the 3 study sites

Depth Bulk density
(em)  (gem®)

WHC
(%)

Porosity

Study site
Y %)

Percentage of soil particles
Sand Silt

Textural class

Clay

0~10 0.65%0.00
10~20 0.8940.04
20~30 0.96%+0.03
0~10 0.68+0.01
10~20 1.0440.04
20~30 1.25£0.04
0~10 0.58%0.05
10~20 1.18%0.07
20~30 1.26£0.04

75.60+0.13
66.54+1.33
63.65+0.98
74.47%0.55
60.63+1.33
52.70£1.48
78.24£1.76
55.60£2.60
52.33£1.65

73.471+2.66
66.27+1.04
51.86£2.16
75.86£2.07
61.69+2.12
56.50£2.48
78.33£1.84
62.45+2.44
54.38+£2.44

Shegong

Hanuman Camp

Yarlung

79.79£0.01 0.20%0.00
79.77£0.01 0.20£0.00
79.77£0.01 0.20£0.01
79.77£0.01 0.20£0.01
79.77£0.01 0.21£0.01
79.83£0.01 0.14%£0.01
77.78£0.01 2.21£0.01
77.79£0.01 2.21£0.01
77.79£0.01 2.18£0.00

20.010.01
20.03+0.01
20.03+0.01
20.03+0.01
20.03+0.01
20.03+0.01
20.01+0.01
20.01+0.01
20.03+0.01

Sandy clay loam
Sandy clay loam
Sandy clay loam
Sandy clay loam
Sandy clay loam
Sandy clay loam
Sandy clay loam
Sandy clay loam
Sandy clay loam

Data are presented as the mean + standard error (n = 3).
WHC, water-holding capacity.
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soil depth (F = 196.48 and 215.85, respec-
tively, p <0.001).

TKN

Soil total nitrogen contents (Fig. 4) at
different depths, study sites, and sampling
season significantly varied (¥ = 235.79,
70.44, and 41.84, respectively, p < 0.001). It

80 7
Yarlung
70 4
60 1
50 4

40 -

Moisture content (%)

30 4

20 T T

decreased with soil depth and reached a maxi-
mum in the rainy season and a minimum in
winter. Moreover, the total nitrogen content
increased with elevation.

Available phosphorus
The soil available phosphorus exhibited
a significant difference among sampling sea-

——0-10 -=-10-20 ——20-30

80 7
Hanuman Camp
70 4
60 1
50 4

40 1

Moisture content (%)

30 1

20

80 1
Shegong
70 -
60 -
50 4

40 -

Moisture content (%)

30 4

20

Winter Summer Rainy

Winter Summer Rainy

Season

Fig. 1. Temporal variations in the soil moisture content (%) at the 3 study sites.
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sons (F'=67.8, p <0.001) and was the highest
in summer (Fig. 5). Although it significantly
declined (¥ = 68.6, p < 0.001) with depth,
the difference between the top (0~10 cm) and
bottom layers (20~30 cm) was clearer at Ha-
numan Camp. The soil available phosphorus
significantly differed (F = 35.8, p < 0.001)
among study sites. The maximum soil avail-

3:307 Yarlung

5.00 A

Soil pH

3.50 1

3.00

39

able phosphorus was recorded at Hanuman
Camp, and the minimum at Yarlung.

Exchangeable potassium

Exchangeable potassium significantly
differed (F = 882.9, 57.3, and 676.5, respec-
tively, p < 0.001) with depth, site, and season
(Fig. 6). The soil exchangeable potassium

—-—0-10 -=10-20 ——20-30

4.50 1

5.50 7

Hanuman Camp

5.00 4

4.50 1

Soil pH

4.00 A

3.50 1

3.00

5.50 4

5.00 A

4.50 4

Soil pH

4.00

3.50

3.00

Winter Summer Rainy

Winter Summer Rainy

Season

Fig. 2. Temporal variations in the soil pH at the 3 study sites.
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was highest in the rainy season and lowest in
winter, and decreased with depth at all study
sites.

Impacts of soil parameters on growth
Total growth in height and collar diam-

eter of the 3 selected Rhododendron species

is presented in Table 3. The growth in height

of R. kendrickii and R. grande was positively
correlated with pH, while R. mechukae exhib-
ited a negative correlation. On the other hand,
pH was positively correlated with growth
in collar diameter of all selected rhododen-
drons. Moreover, growth in height and collar
diameter of all selected rhododendrons was
negatively correlated with the soil moisture

12 4 ——0-10 ==-10-20 ——20-30

Yarlung
101

Organic carbon (%)
(o)}

Hanuman Camp

Organic carbon (%)
(=)}

Shegong

Organic carbon (%)
[e)}

4 B
24
0 T T T T ]
Winter Summer Rainy Winter Summer Rainy
Season

Fig. 3. Temporal variations in soil organic carbon (%) at the 3 study sites.
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content, SOC, and total nitrogen. Available
phosphorus and exchangeable potassium
were positively correlated with growth in
both height and collar diameter of all selected
Rhododendron species. Figures 7 and 8 show
scatterplots of correlations between growth in
height and collar diameter, respectively, with
soil physicochemical parameters.

0609 Yarlung
0.50 1
0.40 1
0.30 1

0.20 1

Soil total nitrogen (%)

0.10 1

0.00 T T
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DISCUSSION

A gradual increase in bulk density with
soil depth was due to compaction of soils in
the study area. A low bulk density in the sur-
face layer may be due to a high concentration
of roots, which loosen the soil (Aweto 1981).
The soil porosity decreased with depth. This

—-—0-10 ==-10-20 —&—20-30

0.60 -
Hanuman Camp
0.50 1

0.40

0.20 -

Soil total nitrogen (%)

0.10 -

0.00

0601 Shegong

0.50 1

0.40 4

Soil total nitrogen (%)

0.30 1
0.20 1

0.101 W

0.00 T T

Winter ~ Summer Rainy

Winter ~ Summer Rainy

Season

Fig. 4. Temporal variations in soil total nitrogen (%) at the 3 study sites.
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shows that as the soil compactness increased,
porosity decreased. Soil organic matter was
reported to improve the availability of water
and minimize the compactness of soils (Sands
1983, Squire 1983). The WHC decreased
with depth, which could have been due to
the occurrence of a high amount of organic
matter on the surface soil layer that helps to

3001 Yarlung
250 1
200 1
150 1

100 -

Soil available P (mg/kg)

50 A

retain water. Moreover, the WHC depends
on the soil texture. The soil texture affects
plant growth by affecting soil water and the
soluble nutrient supply. Water infiltration is
more rapid in very coarse-textured soils, and
plants suffer due to a lack of an appropriate
WHC in such soils (Gupta et al. 2010). In the
present study, the soil texture was found to be

—-—0-10 =-10-20 —=»—20-30

Hanuman Camp
300 4

250 1
200 4
150 1

100 1

Soil available P (mg/kg)

50 1

3007 Shegong
250 1
200 1
150 1
100 1

50 1

Soil available P (mg/kg)

Winter Summer

Winter ~ Summer Rainy

Season

Fig. 5. Temporal variations in soil available phosphorus (P; mg kg™) at the 3 study sites.
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sandy clay loam at all depths and study sites.
In general, the study area was rocky in nature,
and this may have been due to the fact that
the soils had a higher percentage of sand. Soil
texture, especially with a higher sand content,
is important for a better WHC (Walter 1985),
because of its buffering effect on evaporation,
as water is able to infiltrate to sub-soil layers.

049 Yarlung

Soil exchangeable K (cmol/kg)

——0-10 -=-10-20 —»—20-30
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The soil moisture content is very depen-
dent on the organic matter content of the soil.
It was found that with increasing depth, the
soil moisture content decreased. Further, it
was found that the soil moisture content in-
creased with increasing elevation. There was
also a seasonal variation in the moisture con-
tent. This was due to variations in rainfall and

0.34
0.2
0.14

0.4+

0.2

0.1

Soil exchangeable K (cmol/kg)

(=]

Hanuman Camp
" W

N
~
)

Shegong

o
w
L

=4
—_
L

Soil exchangeable K (cmol/kg)
(=]
[\)

(=]

Winter  Summer

Winter Summer  Rainy

Season

Fig. 6. Temporal variations in soil exchangeable potassium (K; cmol kg™) at the 3 study

sites.
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Table 3. Average annual growth of 3 Rhododendron species at the 3 study sites

Studv site R. kendrickii R. grande R. mechukae
Y Ht (cm) CD (mm) Ht (cm) CD (mm) Ht (cm) CD (mm)
Shegong 575+0.30 5.03+0.15 4.71+0.16 4.60+0.14 - -

Hanuman Camp 4.531£0.21

Yarlung

473£0.13 530£0.14 4.77£0.18 3.85%£0.16 4.29%0.16

396+0.16 4.43+0.17 4.02+0.14 3.58£0.15 4.96£0.22 3.46+£0.16

Data are presented as the mean + standard error (n = 30).
Ht, height; CD, collar diameter.

Growth in height (cm) Growth in height (cm)

Growth in height (cm)

NS = not significant

OR. kendrickii OR. grande AR. mechukae

7 y=-0.2287x + 16.855
= - R2=0.7242
6] v=-33636x+ 18.684 y ;83208; 4256735 y=0.2135x -7.1646
R>=0.8911 <01 ¢ R2 =0.6289
5 <0.1 o = g NS
4 y = 1.1415x -0.3459
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7y y=-17.9x + 8.3267 y=-0.7567x +9.0598
R?=0.9579 R2=0.765 _
6 p<0.1 y=222x 0.59 oS y=0.7161x + 0.0259
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u} : 0
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d o
4
y =-6.9x+6.0567 y =-0.4625x + 7.3129
3 R2=0.29 R =0.5823
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0 r . : \ : . \
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Exchangeable potassium (cmol/kg)

Fig. 7. Scatterplots showing relationships between soil physicochemical properties and
growth in height of the 3 Rhododendron species.
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NS = not significant
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1
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Available phosphorus (mg/kg)

Exchangeable potassium (cmol/kg)

Fig. 8. Scatterplots showing relationships between soil physicochemical properties with
growth of the collar diameter of the 3 Rhododendron species.

temperature. The highest soil moisture con-
tent was recorded in the rainy season, while it
was lowest in the dry season. Singha (2005)
also reported similar results of variations in
moisture content with depth and season from
temperate and sub-alpine bamboo forests of
Western Arunachal Pradesh, India. Sharma et
al. (2009) reported a rise in soil moisture con-

tent with increasing elevation and a gradual
reduction in moisture with depth in a temper-
ate broadleaf forest of Garhwal Himalaya.
Similarly, Shrestha et al. (2007) also reported
increasing soil moisture with elevation. Ma-
jila and Kala (2010) also emphasized the
importance of air temperature and soil mois-
ture content for forest tree distribution and
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structural changes of the forest along an el-
evational gradient on dry valley slopes of the
Himalayas. Esen (2000) concluded from his
study on the ecology of R. ponticum that soil
moisture was the most important environmen-
tal factor shaping rhododendron abundance
and growth in a Turkish eastern beech forest.

The pH of the soil at the study sites was
acidic in nature. The low soil pH and acidic
soils are typical conditions in places where
ericaceous plants are dominant (Kaisheva
2006). There was an increase in the pH with
depth, while the pH decreased with increasing
elevation. Shrestha et al. (2007) also reported
decreasing pH with increasing elevation in a
birch (Betula utilis D. Don) forest in a trans-
Himalayan dry valley in central Nepal. Gen-
erally, evergreen shrubs that grow in cold,
mesic climates, including rhododendron, typi-
cally contain high concentrations of organic
acids in their leaves and wood (Read 1984,
Latham et al. 1996). The addition of exudates
of these organic acids to the soil and the cold,
mesic character of the weather decrease the
rate of decomposition in the soil, resulting in
debris accumulation on the forest floor over
time (Pritchett and Fisher 1987, Biswas and
Mukherjee 1994), which ultimately reduces
the pH of the soil. Moreover, the pH consid-
erably decreased during the late summer and
rainy season, which may have been caused by
the loss through leaching of basic cations due
to the heavy rainfall in this period.

SOC at all study sites in the present study
varied with space and time. The SOC content
increased with elevation, while it decreased
with soil depth at all study sites. On the con-
trary, Sheikh and Kumar (2010) reported a
decrease in SOC with elevation in an oak and
pine forest of Garhwal Himalaya. However,
Du et al. (2011) reported a significant in-
crease in SOC with elevation, while there was
a gradual reduction in SOC with depth in the

Lushan Mountains, China. Zhang et al. (2009)
also reported similar results from the Qilian
Mountains, China. The decrease in SOC with
soil depth can be attributed to greater com-
pactness, and reduced aeration and moisture
content with depth, which eventually retard
decomposition processes by soil microbes.
Many other authors reported reduced SOC
with depth from different temperate forests
(Sundriyal and Sharma 1996, Sharma et al.
2009, Sheikh et al. 2009, Singh et al. 2011).
Moreover, the SOC content was highest dur-
ing the rainy season, while it was lowest in
winter. This may have been due to favorable
moisture and temperature conditions for mi-
crobial activity which increased the rate of
decomposition in the rainy season (Wang et
al. 2000). SOM also has multiple effects on
soils, such as the soil’s physical structure, the
storage of nutrients, aeration, and stimulation
of microbial activities (Tate 1987) and may
affect 2 important factors of nutrients and soil
moisture, which are important aspects affect-
ing patterns of species richness (Peet 1978, de
Lafontaine and Houle 2007).

Like SOC, the total nitrogen content of
the soil decreased with soil depth. Similar
results were also reported from temperate
forests elsewhere (Berger et al. 2002, Sharma
et al. 2009). This might be because in the
top soil layer, there are more litter fall, fine
roots, and soil microorganisms, and they can
increase the content of nitrogen. Moreover,
the nitrogen content increased with eleva-
tion. Zhang et al. (2009) and Zhang and
Zhang (2011) also respectively reported an
increase in total nitrogen with elevation and
a reduction with depth at Quilian Mountain
and Lishan Mountain Nature Reserve, China.
There was also a seasonal variation in the soil
total nitrogen content, with the maximum be-
ing recorded in the rainy season. Spatial and
temporal variations in total nitrogen depend
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on many factors, like temperature, moisture,
microbes etc. The vegetation can influence
the spatial and temporal variability of soil
nitrogen through the quality and quantity of
litter fall as an input to soil nitrogen (Marinari
et al. 2010, Roy et al. 2010). The distribution
of fine roots of plants can affect the quantity
of the soil total nitrogen and of other impor-
tant nutrients in each soil layer. Moreover,
when the soil depth increases, amounts of
soil microorganisms decrease, and as a result,
decomposition activity weakens, which ulti-
mately leads to reduced nutrient contents in
the soil (Berger et al. 2002).

Both available phosphorus and ex-
changeable potassium decreased with depth,
and the highest values were recorded in the
rainy season, but neither showed a definite
elevational trend. In contrast, Sundriyal and
Sharma (1996) reported an increasing trend
of available phosphorus with soil depth in a
temperate forest of the Mamlay watershed
in Sikkim. As discussed above, variations in
these 2 nutrients with depth and season are
also mainly controlled by the quality and
quantity of organic matter and microbial ac-
tivity. The amounts of phosphorus and potas-
sium recorded in the present study were very
low, and the lowest value was recorded from
the study site at the highest elevation. It was
previously reported that almost all soils in
Arunachal Pradesh are low in available phos-
phorus and high in organic carbon content
compared to those in other neighboring states
(Mishra et al. 2004). Nilsen et al. (2001) also
reported very low contents of available phos-
phorus and exchangeable potassium in forests
of northern red oak (Quercus rubra) with
thickets of R. maximum in the sub-canopy.
Although soil mineral particles are naturally
rich in phosphorus and potassium, they are
readily available to plants in trace amounts.
Moreover, it was reported that the phosphorus
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and potassium in soils are commonly consid-
ered to be most available at pH values near
6.5, with the availability decreasing at both
lower and higher pH values (Bates and John-
ston 1991). The lower contents of soil avail-
able phosphorus and exchangeable potassium
in the present study may have been due to the
acidic nature of the soils.

The present study revealed that the
growth in height and collar diameter of all se-
lected rhododendrons was positively correlat-
ed with soil pH. Reiley (1995) stated that rho-
dodendrons are best raised in environments
where the soil pH is 4.5~5.5. With an increase
in the pH, growth of the studied rhododen-
drons increased. Pausas and Austin (2001)
also emphasized the importance of pH to nu-
trient availability in soils and growth of plant
species. On the other hand, the soil moisture
content, SOC, and total nitrogen content were
negatively correlated with growth of all se-
lected rhododendrons. As mentioned above,
SOM has multiple effects on soils through
affecting the moisture content and availability
of nutrients for plant growth. Although the to-
tal nitrogen content in the soil increased with
elevation, most of it was in organic forms.
However, plants are able to use only very
specific inorganic forms of nitrogen (NO;,
and NH,). The reduced growth of all selected
rhododendrons at higher elevations may have
been due to depleted nutrient availability.
Wilcke et al. (2008) also concluded that the
reduced tree growth rate at higher elevations
might be due to nutrient deficiencies, pos-
sibly caused by reduced turnover of organic
matter. On the other hand, it was found that
the growth of all selected rhododendrons was
positively correlated with available phospho-
rus and exchangeable potassium. All selected
rhododendrons showed higher growth at low-
er elevations. As in the lower elevation in the
present study, organic matter accumulation
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was less due to rapid decomposition process-
es, and most of the nutrients required by plant
species were readily available for uptake. Bot
and Benites (2005) also emphasized the im-
portance of organic matter decomposition and
the release of nutrients in forms available to
plants. Every plant species has some optimum
requirements of nutrients and other growth
conditions, and beyond this optimal level,
growth and development are affected. The
higher growth of R. kendrickii and R. grande
at Shegong and Hanuman Camp, respectively,
may have been due to the availability of op-
timal growth conditions such as moisture,
temperature, and nutrients at these study sites.
On the other hand, lower growth of these
2 species at the higher elevation may have
been due to a lack of available nutrients for
their growth and lower temperatures. Soethe
et al. (2008) reported that there was reduced
availability of nutrients to plants at higher el-
evations, in spite of higher nutrient stocks of
organic matter present in a tropical montane
forest of Ecuador, which may have been due
to the lower soil pH, lower temperatures, and
less oxygen availability. Many other workers
also reported similar reduced nutrient avail-
ability for plant species at higher elevations
(Wilcke et al. 2002, Wegner et al. 2003, Mc-
Groddy et al. 2004, Soethe et al. 2006). Rho-
dodendron mechukae may require relatively
low temperatures and nutrients for growth
compared to the other 2 Rhododendron spe-
cies; hence, it showed differential growth of
height and collar diameter at Hanuman Camp
and Yarlung.

CONCLUSIONS

From the above study, it was found that
physicochemical properties of the soil varied
along an elevational gradient. Moreover, the
chemical properties of the soil significantly

varied among the different seasons. The soil
was more acidic at higher elevations, and
the organic matter accumulation affected the
availability of various nutrients required by
the plants. Further, the growth of the selected
Rhododendron species was affected by nutri-
ent availability at different study sites. More-
over, it was found that the growth of rhodo-
dendrons is directly affected by the soil pH.
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