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Abstract

It is well known that forest microclimates contrast strongly with the climate outside forests. We
studied microclimate (air temperature, air humidity, soil temperature and soil moisture) beneath the
forest canopies of four dominant forest types along an altitudinal gradient (300-2200masl) in Central
Himalaya. Microclimatic conditions across the under canopy of the four forests varied significantly. In
the study area May was the warmest month (mean across the under canopy of four study sites=29.1
°C) and January was the coldest month (mean=11.0 °C), with mean annual temperature of 22.9 °C. The
under-canopy temperature was found to be about 4 °C lower than the mean atmospheric temperature
(27.0 °C) reported in the study area. With respect to air temperature the south aspects were slightly
warmer than the north aspects. The mean annual soil temperature (18.0 °C) was found to be about 5
°C lower than the mean annual air temperature (22.9 °C) across the forest under canopies. The RH was
recorded in a narrow range of 72-75% across the forests that decreased with altitude significantly. The
N aspects recorded markedly higher RH than the S aspects. The soil moisture was recorded maximum
during rainy season (mean=16.4%) and minimum during summer (mean=11.7%). Both air temperature,
soil temperature and RH decreased significantly with increasing altitude. ANOVA indicates that both air
temperature (p<0.026) and soil temperature (p<0.001) were significantly different across the forests and
sampling months. These existed a significant negative relationship between air temperature and altitude
(r=0.996; p<0.004) and between relative humidity and altitude (r=-0.993; p<0.007). The soil temperature
and altitude were negatively correlated (r=0.975; p<0.025). The dampening of air temperature, higher
humidity and soil moisture under the canopy of these forests has several advantages to the plants and
the fauna dependent upon them. These forests with distinct microclimate may act as a micro-refugia to
provide congenial habitat and conserve rich biodiversity in the face of global warming in this region.

Keywords: Forest microclimate; Altitudinal gradient; Global warming; Biodiversity; Microrefugia;
Central himalayan forests

Introduction

Microclimate is the suite of climatic conditions measured in localized areas near the
earth’s surface [1]. Microclimatic variables, which include temperature, light, wind speed and
moisture, provide meaningful indicators for habitat selection and other activities in forest
management. In forests, the tree canopy functions as a thermal insulator and buffers sub-
canopy micro-climatic conditions, thereby affecting biological and ecological processes [2].
Forestecosystemshaveadistinctbelow-canopy microclimate, regulated by diverse bio-physical
processes, and of eminent importance to the growth and survival of understory vegetation
and seedlings. The below canopy microclimate may substantially differ from comparable
open areas [3]. The importance of microclimate in influencing ecological processes such as
plant regeneration and growth, soil respiration, nutrient cycling, and wildlife habitat selection
has now become an essential component of current ecological research [4]. Plants respond
to these microclimatic conditions differently that affects their growth and development. The
physiological and ecological importance of forest microclimates has long been recognized
[3,5]. It is well known that forest microclimates contrast strongly with the climate outside
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forests. Below forest canopies, direct sunlight and wind speed
are strongly reduced, leading to a dampening of temperature and
humidity [6]. Temperature extremes are often strongly buffered
in forests compared to open habitats, with cooler below-canopy
maximum temperatures, warmer minimum temperatures, and
lower seasonal and inter-annual variability [7-9]. Microclimate is
known to shape (i) species distributions, (ii) species interactions,
and (iii) ecosystem functioning in forest ecosystems. Spatial and
temporal variation in forest microclimates results from an interplay
of forest features, local water balance, topography and landscape
composition. Forest organisms living below or within tree canopies
experience distinct climatic conditions that deviate considerably
from the climate outside forests [3,6,9].

The role and importance of microclimate vary widely among
forests over time and under different weather conditions.
Microclimaticvariables, particularly solar radiation, air temperature
at the ground surface, and soil temperature, are highly sensitive to
changes in the over storey canopy and exhibit relatively high spatial
and temporal variability within a forest [10-11]. Differences in
insolation period and solar intensity change with aspect, thereby
forming a range of microclimates in forested landscapes [12].
It holds particularly true for the Himalayan mountains where
the topography varies dramatically from one place to another
within a landscape [13,14]. Pook and Costin [15] reported that
opposing slopes vary in their microclimate, light intensity, soil
and air temperature, humidity, soil moisture and evaporation,
and duration of growing periods, and these differences are
closely associated with differences in vegetation composition and

Materials and Methods

Study area description

structure. Forest microclimates can determine the distribution of
individuals, populations, and species. Due to the increasing impacts
of current macroclimate warming on biodiversity, studies on
forest microclimates are receiving much attention in global change
biology [16-17]. It has been emphasized that to fully understand
and better predict how forests biodiversity and functions relate to
climate and climate change, microclimates need to be integrated
into ecological research [16]. Major ecological processes, such as
production, mineralization, and the spread of diseases, insects, and
natural disturbances (e.g., fire), are controlled directly or have been
related empirically to microclimatic conditions [4,18]. Manipulating
microclimate by altering the structural environment can thus be
a useful tool in both wildlife and ecosystem conservation. The
poor understanding of forest microclimate contrasts with its high
ecological relevance for many forest ecosystem processes [19] such
as survival and growth of young tree seedlings, seed germination of
annuals, buffering against frost etc. [20]. Microclimatic information
is vital for empirical field studies, theoretical modelling exercises,
and management decision-making. In Himalayan forestry research
less, attention has been given to variability in microclimate or
to the differences among microclimatic patterns across spatial
and temporal scales. In this article, we present microclimatic
characteristics associated with the dominant forest ecosystems
(those differ both structurally and functionally) of Central Himalaya
occurring along an altitudinal gradient in Central Himalaya. We
hypothesized that the four forest types differing with regard to
their physiognomy, growth cycle, topography etc. should have
distinct variations with regards to the under-canopy environment.
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Figure 1: Monthly variations in microclimatic condition across the four study sites along an altitudinal gradient.
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The study area is located between 290 17’ N latitudes and
790 26’ E longitudes along an altitudinal transect of 300-2200m
altitude in Nainital district, Uttarakhand (Central Himalaya) (Figure
1 & Table 1). Altitudinally, Nainital district is located in temperate
zone, although latitudinally it falls within the sub-tropical belt.
Because of sharp rise in altitude, the temperature falls within the
range reported for temperate zone; but because of relatively lower
latitude, day length in winters is not as short as in typical temperate
zone of the globe. In general, the mean atmospheric temperature
falls by 3.7 °C with a rise of 1000m altitude in this region, which
is more rapid in higher altitudes [21]. In addition to difference in
day length, the influence of monsoon rainfall pattern renders the

climate of this region different from that of temperate zone. In
typical temperate climate the latter half of summer (July-August)
is generally dry [22], while it is the most-wet part of the year in the
present study area. In this region long-term (1980-2012) dataset of
temperature and rainfall indicated linear trends for both maximum
and minimum temperature, which were found to be significantly
(P<0.05) increasing (0.01 °C and 0.02 °C /decade), respectively, and
rainfall was found to be significantly (P<0.05) increasing during
this period. Mean daily sunshine hours in the mid altitude belt
of the study area varied seasonally and gradually increased from
2-3.3hrs in rainy season, 5.6-7.8hrs in winter season and 8-9hrs in
summer season [23].

Table 1: Location of the study sites and dominant tree species in the forests along an altitudinal gradient in western

Himalaya.
Forest Sites Forest Type Elevation (m asl) Canopy / Sub-Canopy Tree Species with Authority
Chorgaliya Sal (Shorea robusta) 300 Shorea robusta Gaertn. © Mallotus philippinensis Airy Shaw (Sc)
Patwadangar Pine (Pinus roxburghii) 1500 Pinus roxburghii Sarg. © Myrica esculenta Buch.-Ham. ex D. Don (Sc)
Kailakhan Oak (Quercus leucotrichophora) 1800 Quercus leucotrichophora A. Camus © Rhododendron arboreum (Lindl.)
W.K. Hu (Sc)
Ayarpatta Tilonj Oak (Quercus floribunda) 2200 Quercus floribunda Lindl. ex A. Camus © Machilus duthiei King(Sc)

Forest vegetation and dominant tree species

This region is broadly divided into three ecological zones,
namely the subtropical foothill zone (the low laying land <800m
asl; with high water table), the temperate forest zone (extending
between the foothill zone and timber line around 2800masl.), and
alpine and sub alpine zone (above the timber line with bushes,
grasses and herbs as the main vegetation) [24-25]. In general, from
lower to higher elevations the following forests prevail: Sal (Shorea
robusta) forests below 1000m; Chir Pine (Pinus roxburghii) forest
between 1000 and 1600m and; Banj Oak (Quercus leucotrichophora)
forests between 1500-2200m asl. The higher limit of this altitudinal
zone is represented by forests of tree species such as Tilonj Oak
(Q. floribunda), Kharsu Oak (Q. semecarpifolia), Blue Pine (Pinus
wallichiana), Deodar (Cedrus deodara) etc.

Micro-climatic data collection

In the above mentioned four dominant forest types across the
elevational gradient of 300-2200m altitude intact and undisturbed
stands of 1ha area were selected for micro-climatic data collection.
Micro-climatic data of each of the selected forest stands (both at N
and S aspects) was recorded at monthly intervals. On each visit to
the study sites of about one week every month micro-climatic data
was recorded within the marked forest stands (beneath the forest
canopy) three times a day from morning till evening (10am-5pm).
Micro-climatic data (air temperature and relative humidity, RH)
were collected with the help of Pocket Weather Meter (Kestrel 4000
NV) and soil temperature was determined using a soil thermometer
upto 30cm soil depth. To determine the soil moisture about 10g
fresh composite soil sample (in triplicate) was collected from 30cm
soil depth, dried in an oven at 103 °C for 24hrs or till constant
weight and weighed. The moisture content was calculated on oven
dry weight basis following [26]:

_ Fresh weight of soil — Dry weight of soil "

Soil moisture content (%) 100

Dry weight of soil

Data was treated statistically (Statistica 8.0) for linear
regression between microclimatic parameters and altitude of the
forest sites, and ANOVA between microclimatic parameters across
the aspects (N and S), altitude and months [27]. All the data for
various study parameters given in the results section is mean
across two growth cycles of trees and forests (April 2014-March
2015 and April 2015-March 2016).

Results

In the low altitude Sal forests, the mean annual air temperature
(°C) across the two study years (2014-15 and 2015-16; unless
referred otherwise) was recorded 28.6°C (Table 2). It was 1 °C
higher at S aspect (29.1+£2.8) as compared to N aspect (28.1+2.2).
The peak value was recorded in May, and it declined to a minimum
in December, and slightly increased thereafter (Figure 1). Mean
annual soil temperature (30cm depth) followed a similar trend
as recorded for atmospheric temperature. It was recorded 22.9 °C
at S aspect and 21.8 °C at N aspect. Peak value of soil temperature
was recorded during summer (May-June) that declined until
January (Figure 1). The mean value of RH was recorded 74.5%
that was marginally higher at N aspect (75.6+7.8) as compared
to 73.4+7.8 at S aspect (Figure 1). Across the annual cycle the RH
was recorded maximum during rainy season and minimum during
summer. Mean annual soil moisture was recorded 13.7%; it was
marginally lower at S aspect (13.2%) than at the N aspect (14.2%).
Soil moisture was found to be maximum during rainy season and
minimum during winter season (Table 3). In the mid altitude Pine
forests, the mean annual air temperature was recorded 23.1°C
(Table 2). It was slightly higher at S aspect (23.8+3.1) as compared
to N aspect (22.4+3.5). The peak value of atmospheric temperature
was recorded in May that declined to a minimum in December,
and slightly increased thereafter (Figure 1). Mean annual soil
temperature (19.0°C) followed a similar trend as recorded for
atmospheric temperature. It was recorded 19.5 °C at S aspect and

Environ Anal Eco stud

Copyright © Pradeep Singh



EAES.000765.11(3).2023

1289

18.5 °C at N aspect. Peak value of soil temperature was recorded
during summer that declined until January (Figure 1). The mean
value of relative humidity was recorded 73.0%; it was (73.3+8.1)
at N aspect as compared to 72.7+8.5 at S aspect (Figure 1). The
mean annual soil moisture was recorded at 10.9%. It was slightly
lower (10.0%) at S aspect than at the N aspect (11.7%). It was
found maximum during rainy season and minimum during summer
season (Figure 1). In the mid-altitude Oak forests, the mean value of
air temperature was recorded 20.7 °C, which was slightly higher at S
aspect (21.1+1.9) as compared to N aspect (20.3+2.8) (Table 2). The
peak air temperature was recorded in May, and then it declined to

Table 2: Various micro-climate parameters recorded under the canopy of four forests in

a minimum in December, and slightly increased thereafter (Figure
1). Mean annual soil temperature (16.2 °C) exhibited a similar trend
as recorded for atmospheric temperature. It was recorded 16.7 °C
at S aspect and 15.8 °C at N aspect. Peak value of soil temperature
was recorded during summer that declined until January and
increased thereafter (Figure 1). The mean value of RH (72.3%) was
higher at N aspect (73.0+8.8) as compared to 71.5+9.5 at S aspect
(Figure 1). Mean annual soil moisture was recorded 14.5%. It was
found 13.5% at S aspect and 15.4% at N aspect. Soil moisture was
recorded at maximum during rainy season and minimum during
summer season (Figure 1).

Nainital district, Central

Himalaya.
. o Soil temperature (°C) Atmospheric Soil moisture (%) Mean across North & South Mean
Air temperature (°C) e . .
(upto 30cm) humidity (%) (upto 30cm) aspect Soil difference
Forest . Atmospheric | moisture between
type Air Soil humidity (%) air & soil
N S N S N S N S temperature temperature (%) (upto | temperature
o) (C) (upto 30 30cm) (°C) (upto
cm) 30cm)
Sal forest | 28.1+1.4 29.1+1.4 21.78+1.1 229+1.1 75.64+1.4 | 73.35+2.4 | 14.2+0.9 13.2+1.1 28.61+x1.4 22.35+1.3 74.53+1.3 13.70+1 6.3
Chir-
Pine 22.4+1.3 23.8+1.3 18.53+1.1 19.5+1.2 73.43+1.2 | 72.75+2.3 | 11.7+0.5 10.0+0.7 23.33%x1.3 18.99+1.1 72.98£2.3 10.85+0.6 4.3
forest
Banj Oak
forest 20.3+x1.4 | 21.1£#1.3 | 15.82+1.3 | 16.71+1.3 | 72.92+2.6 | 71.54+3.3 | 15.4+0.6 13.5+0.8 20.73+1.3 16.26+1.3 72.37+2.9 14.45+0.7 4.5
Tilonj
Oak 18.7+1.3 19.4+1.4 | 14.39+1.3 | 14.81+1.3 | 72.59+2.4 | 71.14+2.5 | 16.4+0.7 15.5+0.8 19.17+1.4 14.54+1.3 71.86+2.9 15.95+0.8 4.6
forest
Mean 22.5242.1 | 23.36+2.1 | 17.60+1.7 | 18.47+1.8 | 75.64+2.3 | 72.24+2.5 | 14.43+0.7 | 13.05+0.9 22.94+1.3 18.04+1.3 72.91+2.4 13.73+0.8 4.9

Table 3: Statistical relationship between microclimate

and altitudinal gradient of the trees in Western Himalaya.

Parameters Test Significance (S)/Non- significance (NS) at (P<0.05)
Altitude/Air temperature correlation -0.996 S
Altitude/Relative humidity correlation -0.994 S
Altitude/Soil temperature correlation -0.975 S
Altitude/Soil moisture correlation 0.344 NS

In the high-altitude Tilonj Oak forests the mean value of air
temperature (19.2 °C) was slightly higher at S aspect (19.4+2.9)
as compared to N aspect (18.7+3.0) (Table 2). The peak value was
recorded in May, and then it declined to a minimum in December
and slightly increased thereafter (Figure 1). Mean annual soil
temperature (14.6 °C) followed a similar trend as recorded for
air temperature. It was recorded 14.8 °C at S aspect and 14.3 °C
at N aspect. Peak value of soil temperature was recorded during
summer that declined until January (Figure 1). The mean value
of RH (71.9%) was higher at N aspect (72.6+8.8) as compared to
71.1£6.5 at S aspect (Figure 1). Mean annual soil moisture (14.5%)
was slightly lower (15.5%) at S aspect than at the N aspect (16.4%).
It was found maximum during rainy season and minimum during
summer season (Figure 1).

Discussion

Forest canopies buffer climate extremes and promote micro-
climates that may function as refugia for understory species under

changing climate [28]. It is well known that tree canopies serve
to buffer understory environments from climate extremes and
can produce moderating effect on regional warming [6,29]. This
buffering may promote microclimate that function as microrefugia,
locations that provide favourable local climatic conditions amidst
unfavorable regional conditions [30]. It has been suggested that
forest canopies, in combination with topography, can create
conditions that are decoupled from regional warming [31].
However, the buffering capacity of forests is poorly understood as
most studies have taken meteorological data from local stations
that provide in overall climatic condition of the region [21]. In this
study the microclimatic conditions across the four forests varied
significantly. The air temperature decreased significantly with
increasing altitude (p<0.001) (Table 3 & Figure 2). In the study area
May was the warmest month (mean across the four study sites=29.1
°C) and January was the coldest month (mean=11.0 °C). The only
noticeable trend was found in case of Sal forest (300m asl) in
which minimum temperature was recorded during December, and
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for rest of the three forest sites located towards higher altitudes it
was recorded during January. The difference between mean annual
temperature at the site lowest and highest altitude was 9.1 °C. With
respect to air temperature the S aspects were slightly warmer than
the N aspects. Heasen et al. [2] across European forests reported

that sub-canopy air temperatures differ substantially from free
air temperatures, being on average 2.1+1.6 °C lower in summer
and 2.0+0.7 °C higher in winter. In our study area this difference
between outside and inside the canopy was about 4 °C lower from
free air temperature (27 °C) reported by [32].
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Figure 2: Altitudinal pattern of air temperature and relative humidity of central Himalaya.

Forests function as a thermal insulator, cooling the understory
when ambient temperatures are hot, and warming the understory
when ambient temperatures are cold [9] that has a cooling effect
on soil. The mean annual soil temperature we found was about 5 °C
lower than the mean annual air temperature within forest canopies
(Table 2). This difference (4-5 °C) was almost similar across the
study sites except for the low altitude Sal Forest, where it was
recorded 6.3 °C. Similar to the air temperature, soil temperature
also declined with altitude significantly (p<0.01) (Table 3 & Figure
2). Here again, the difference in mean soil temperature between
the low and high-altitude sites was 7.8 °C. In a similar study in
the old-growth Douglas-fir forests, air temperature (maximum-
minimum) varied by 2.7 °C along a 200m transect in southern
Washington, whereas soil temperature varied by 5.9 °C [11]. There
existed a significant negative relationship between air temperature
and altitude (r=0.996; p<0.004), relative humidity and altitude
(r=-0.993; p<0.007), and soil temperature and altitude (r=0.975;
p<0.025). In our study area the mean annual RH was recorded
in a narrow range of 72-75% across the forests that was found
decreasing significantly (p<0.01) with increasing altitude (Table 3).
Interestingly, the RH was recorded maximum during April for Sal
and Pine forests, and during July-August for the high altitude Banj
Oak and Tilonj Oak forests (Figure 1).

The minimum RH was recorded during December for most of
the forests. As the RH is a function of rain fall and temperature it
was recorded minimum in May in Sal Forest and during November
and December in the Oak forests. Maximum RH was recorded
during August in all the forests, except for April in Pine Forest.
The N aspects recorded markedly higher RH than the S aspects
for all the study sites round the year. Across the seasons and
aspects of the forests the soil moisture was recorded maximum
during rainy season (mean=16.4%) and minimum during summer

(mean=11.7%). Both air temperature, soil temperature and RH
decreased significantly with increasing altitude (Table 3 & Figure 2).
Soil moisture, however, did not show a definite trend with altitude
as in the Pine forest it was recorded lowest (10.9%) across all the
forests, which experienced severe forest fire during the study years
(Table 2 & Figure 2). In general, the soil moisture was recorded
greater in the high-altitude Oak forests (Table 2). The mean soil
moisture was found slightly greater at N aspect (14.4%) than at the
S aspect (13.1%). The greater soil moisture in Oak forests may be
due to the evergreen dense and multi-layer canopy of that permits
low sun light to the forest floor hence lower evaporative loss of
soil water?!. ANOVA indicates that both air temperature (p<0.026)
and soil temperature (p<0.001) were significantly different across
the forests and sampling months (Table 3). Soil moisture was also
found significantly different across the forest sites and sampling
months (p<0.05) (Table 3).

Physico-chemical properties of forestsoils varyin space and time
because of variation in topography, climate, weathering process,
vegetation cover and microbial activities [33] and several other
biotic and abiotic factors. Oak forests having closed canopy [34]
are found conducive for soil water storage compared to Pine forests
[35]. Joshi and Negi [36] reported significantly greater (p<0.001)
soil moisture in Oak forests (range=15.0-33.0%) compared to Pine
forests (range=7.0-17.0%) of this region during both winter and
rainy seasons. It has been pointed out that deep soil rich in organic
matter and detritus layer in the Oak forests might have resulted
into higher water retention capacity [37] despite almost equal
litter fall in the Oak (5.8 t ha'! yr'!) and Pine forests (6.5 t ha! yr?)
[38]. Role of temperature and sunshine duration on phenological
responses of plants is extensively reported [39-40]. In this study
the Sal forests located at lower altitude exhibited earlier leafing and
rapid leaf expansion due to early rise in air and soil temperature
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[41] (Figure 3). For example, in April 2014 when leafing occurred in
S. robusta the mean monthly temperature was (31.3 °C) at N aspect,
and (33.2 °C) at S aspect, as compared to (22.8 °C) at N aspect, and
(23.3 °C) at the high altitude forest sites. Also, soil temperature in
April 2014 was recorded distinctly higher at lower altitude than
at the higher altitudes (28.2 °C vs. 18.9 °C). Soil temperature is
known to affect leaf expansion through its influence on rates of

water and mineral absorption by roots and through its effect on leaf
temperature [42-43]. Rai et al. [44] reported that in Betula utilis the
greater leaf area was associated with higher soil temperature. The
rising air temperature during spring through summer resulted in
full leaf expansion well before the onset of rainy season to utilize
the favourable warm and wet rainy season, when the environment
is predictable but more competitive [21] (Figure 4).
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Figure 3: Altitudinal pattern of soil temperature and soil moisture (upto 30cm soil depth) of central Himalaya.
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Figure 4: Altitudinal pattern of air temperature and soil temperature (upto 30cm soil depth) of central Himalaya.

To conclude, the dampening of air temperature, higher
humidity and soil moisture inside these forest canopies has several
advantages to the plants and the fauna dependent upon them.
These forests support over 220 species of plants (trees, shrubs
and herbs) and many of them are economically important such
as medicinal and aromatic plants and wild edibles. These forests
with distinct microclimate also keep away the obnoxious weeds
such as Lantana camara, Eupatorium spp., Parthenium spp. etc.
those are found quite extensively outside these forests [45]. Thus,
these forests provide congenial air temperature, soil moisture and
humidity and contribute to biodiversity conservation in the face of
global warming in this region.
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