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Intensive cardamom cultivation in Indian Cardamom hills (ICH) has been related to severe
ecological and environmental implications that can challenge the long-term sustainability
of cardamom. This research study and analysis proposes a novel system approach
for sustainable agroecological production of cardamom in southern India. The effects
of intensive cardamom cultivation on its forest environment had been significant. A
considerable increase in surface air temperature was observed in the ICH during the
last three decades (1990–2020). The climate of the Cardamom hill reserves (CHR) has
a very high variability of daily cycles (surface air temperature and relative humidity)
compared to low variability of yearly cycles, which helped minor and major pests and
diseases occur and spread throughout the season. The current hydrothermal condition
of the soil fostered the occurrence of soil insect pests, resulting in higher pesticide
use. Epiphytes peculiar to the CHR forest have been eliminated due to repeated,
intense shade lopping of each tree. Variability occurred in cardamom growth and
development and yield can be attributed to changes in the microclimatic environment
prevailing in the micro habitats of the sloping hillsides. This study has revealed the
possible link and various dimensions between the intensive growing practices that were
positively reflected in its local climate and production system. The 75% shade level
under the cardamom canopy influences the cardamom microclimatic conditions, the
relative humidity close proximity with panicles was maximum (88.9%), and the mean air
temperature was minimum (18.4◦ C). On the contrary, the relative humidity at canopy top
was reduced (78.7%) but the mean air temperature was still high (27.4◦ C). This study also
suggests that future energy transfers in the CHR production system must be understood
for improving the long-term agricultural sustainability of cardamom cultivation in
the ICH.
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INTRODUCTION

of soil and atmospheric air is observed for long, intense steep
slopes than gentle and no sloping lands. Long easterly slopes
with high gradient, cool down more slowly than their westerly
counterparts. The implications and impacts of this on cardamom
are evident from the less shaded cardamom agroforestry system
(Murugan et al., 2009b). High altitude areas in the humid tropics
are the only places where cold weather prevails and plays a
significant role in plant, animal, and human life (Stephenson
et al., 1990).
Cardamom is one of the high-value spice crops grown
exclusively in the tropical mountain slopes and highlands.
Except for Guatemala, the crop is cultivated as under growth of
forest trees in India (southern Western Ghats) (Moench, 1991;
Murugan et al., 2017), Sri Lanka (Knuckles Mountain) (Dhakal
et al., 2012), and Tanzania (Usambara Hills) (Moench, 1991;
Murugan et al., 2017). Cardamom is a rain-loving crop, that
prefers a wet and chilly environment over a hotter or drier
environment. Except for the easternmost slopes, where the mean
annual maximum and minimum temperatures are 38 and 16◦ C,
respectively, other ICH areas have a typical monsoon wet climate.
Because of the position of the tropical belt as well as the general
circulation of air masses at low latitudes, the climates of the
tropical high uplands are particularly unique in their mix of
characteristics (Reyes et al., 2006).
The air temperature declines with increasing altitude in
tropical systems, without the confounding effects of seasonal
variation. In contrast to temperate systems, where the growing
period typically shortens with higher elevations, air temperature
changes considerably in a day than seasonally (Murugan et al.,
2009a). The growing period is no different from the low land
to forest limit. Horizontal surfaces are reduced to small areas or
are practically non-existent in tropical mountains with sharp and
uneven relief. When this happens, the concept of regional climate
loses a lot of its meaning. As a result, topo and microclimates
have greater biological significance for cardamom than regional
and macroclimates (Murugan et al., 2009b). The microclimatic
condition in cardamom hills is determined by three factors:
slope length, angle, and aspect, as well as roughness and relative
topographic position. The daily weather pattern in many tropical
highlands and mountains specifies that insolation on westfacing slopes is greatly reduced by cloudiness or fog during
the afternoon, in contrast to east-facing slopes enjoying early
morning sunshine (Korner, 2003). Easterly-facing sites receive
more direct sunlight, resulting in drier conditions with higher
maxima and lower minimum temperatures (Oldfather et al.,
2016). Low temperature, low air pressure, low humidity, and
an uneven distribution of light and high-speed winds have been
observed at mountain heights. The easiest way to visualize cyclic
climate changes in the tropics compares solar radiation along
a latitudinal gradient from the equator to middle latitudes. As
a result, tropical climates differ drastically from climates at
mid- and high- latitudes in that they have less month-to-month
variation in both mean temperatures and day length, a fact
that allows us to regard tropical ecosystems to be surprisingly
consistent (Daly et al., 2010).
The role of photosynthetic gas exchange in determining
cardamom productivity under different canopy level remains

Cardamom plantation activities in southern India are considered
one of the most expensive farming practices globally, involving
enormous inputs and external energy throughout the season
(Murugan et al., 2017). Majority of the most successful cardamom
plantations are available in Indian cardamom hills (ICH) in the
′
′
elevation ranging from 700 to 7,000 above sea level. Nearly
half a century ago, the ICH was a typical tropical evergreen
forest with enormous biodiversity, including epiphytes. Ruthless
regular shade lopping is the foremost essential operation that
all planters would like to do in the ICH (Murugan et al.,
2012a). This causes changes in micro and topoclimatic condition
along with fast degradation of the forest structure and function.
Published information, on the influence of altitudinal variability
on evaporation and precipitation pattern and the hours of bright
sun, is scarce for the cardamom hills agroforestry system (Pascal
et al., 2004). Hence, the basic underlying concepts and possible
factors discussed in this paper will be of great significance in
understanding the linkages of the cardamom production system
(Figures 1A–E). Thereby, both cardamom cultivation and forest
management can be sustainably achieved.
It is factual that every tree with in the cardamom hill reserves
(CHR), and its surrounding area, is subjected to severe lopping to
the maximum extent possible to allow more sunlight throughout
the rainy season. Planters have a conception that the removal
of intensive regular shade will benefit the growth and yield of
cardamom and believe the nexus of the climate-cardamom-forest
system would be unaltered (Reyes et al., 2006; Dhakal et al.,
2012). Practically, all cardamom plants are exposed to various
unique topo and microclimatic environments, depending on the
slope length, intensity, and surface properties like albedo and
roughness (Stephenson et al., 1990; Flint et al., 2013). These
parameters can change to a greater extent, mainly due to the
excessive removal of tree canopies which is conducted by the
planters when they desire. Variability in cardamom growth and
development and yield can be susceptible to variation in the
microclimatic environment prevailing in the microhabitats of the
sloping hillsides (Moench, 1991).
In a forest-based tropical mountain agroecosystem, the microscale ecological processes, e.g., evaporation from the surface,
light availability, and dewfall for crop plants, depend primarily
on the radiative energy budget of a given relief unit. The light
availability to crops under forests depends on the level of forest
canopy/degradation and duration of cloudiness (Cournac et al.,
2002). The surface albedo depends on the nature of surface
cover (clean, cultivated, and weeded), exposure frequency (new
planting), and crop rotation. Light availability and radiative
energy input are the two critical parameters for shade-loving
crops and plants (Piccotto and Tretiach, 2010). The radiative
energy in the summer season is three times higher than in the
winter season. But significant variability in the radiative budget
in the north-south aspect is noticed for the winter period. North
facing slopes receive about three times lower radiative energy
than south-facing slopes. This implies that winter is the season
with the largest micro-scale differences in the radiation budget
(Littmann, 2008). Irrespective of direction, relatively slow cooling
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FIGURE 1 | Schematic diagrams showing the linkages as well as cause and effects of the climatic variables due to forest degradation in cardamom cultivation. (A)
The nexus of climate-cardamom-forest system. (B) Influencing factors and their relationships with cardamom production. (C) Impact of forest degradation on local
weather elements. (D) Impact of shade removal on soil moisture and soil heat fluxes as well aerodynamic resistance. (E) Forest structure degradation and its impacts
on convective precipitation (Courtesy: Climate Research Unit, UEA, Wales, Bangor).

poorly understood, particularly respect with canopydependent (i.e., sun leaves vs. shaded leaves) variation
in the net photosynthesis, transpiration rate, and leaf
temperature. Moreover, there is evidence of temperature
dependent leaf photosynthetic gas exchange in tropical
forest types (Slot et al., 2013), but to date, no study
has adequately assessed the temperature dependence of
net photosynthesis with canopy position in cardamom.
Given these issues, canopy dependent variation in the
photosynthesis gas exchange of cardamom needs to be more
fully characterized.
Light is the most limiting factor for plant species in tropical
rainforest biomes, declining markedly with increasing canopy
depth when it penetrates the vertical dimension of the canopy
(Yoshimura and Yamashita, 2012). As a result, the availability of
light can be reduced by up to half fold from the upper canopy
compared to leaves in the shaded lower canopy (Baldocchi et al.,
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2002). Such variations in irradiance lead to marked effects on
leaf morphological, chemical and physiological traits (Niinemets
et al., 2006; Kosugi et al., 2012).
Regardless of the causes of rainfall seasonality, many tropical
areas have two or four distinct seasons, with rainless periods
ranging from 1 to 6 months (January-June). The temperature
regime may be significantly altered as a result of this annual
pulse. The total solar radiation at ground level can drop due to
high cloudiness during the wet seasons. However, the coldness
due to outgoing longwave radiation from the ground and forest
and crop vegetation can be considerably reduced due to high
relative humidity at night (Buytaert et al., 2006). The amplitude
of daily temperature variation can be reduced as a result of
these combined impacts. Low cloudiness, clear skies, and a dry
environment (low humidity) persist during the rainless period,
resulting in greater day and lower night temperatures, which
enhances the amplitude of daily temperature swings (Lundquist
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11:30 a.m. during sunny days (Alagupalamuthirsolai et al., 2019).
Observations were taken during A and gs were stable. During
the experiment, weather factors such as air relative humidity and
surface air temperature near the panicles were also measured
using a spinning psychrometer and an infrared thermometer.

et al., 2008). Seasonality in rainfall results in thermoperiodism: an
annual cycle characterized by dampened temperature oscillations
and higher night minima during rainy seasons and stronger
temperature swings and lower night minima during dry seasons.
The seasons’ variety in temperature oscillations, paired with
humidity, has become a prominent mountain climate element
in Cardamom hills. This paper determines the possible linkages
involved in Indian cardamom production system.

Data Analysis
To discern means, data were subjected to the analysis of variance
and Duncan’s multiple range tests (DMRT), as stated by Duncan
(1955). A significance level of p < 0.05 was used to discuss
the data. WASP-Web Agri Stat Package 2.0 was used for other
statistical analysis.

MATERIALS AND METHODS
Data Collection
Climate data was collected from various government
organizations. The Cardamom Research Station (CRS) of
Kerala Agricultural University (KAU), Pampadumpara, provided
information on rainfall, air temperatures, relative humidity, and
bright sun hours for the cardamom growing tract (1978–2018).
The State (Kerala) Electricity Board (KSEB) supplied both
evaporation and rainfall data (2000–2018) for three stations
(Ellackal, Munnar, and Rajamala). Yield data on cardamom
capsules for various time periods were collected from individual
planters’ registers (Table 1). Data on insect pests and disease
incidence of cardamom were collected from the research station
fields adjoining the observatory. The change in the tree species
composition was calculated from (transect method) counting
trees from five 1 ha plots selected randomly in cardamom
growing areas including a research station farm. Daily rainfall
amounts, as well as temperature and relative humidity values,
were summed up to obtain monthly and annual values.

RESULTS AND DISCUSSION
Observed Climatic Variability and Change
in the ICH and Their Impact on Cardamom
Cultivation
Intensive cardamom farming has had a significant influence on
forest trees in the CHR. The CHR forest species composition
has been diluted at great levels, as only three species (Vernonia
arborea, Artocarpus heterophyllus, and Toona ciliata) account
for more than half of the total number of populations. Except
for a few rare and endangered species like Actinodaphne
malabarica, Saraca asoca, and Kingiodendron pinnatum, the
formerly ecologically stable and vital tree composition has
vanished. In the Cardamom hills, Persea macrantha is the most
common species. Cullenia exarillata and Palaquium ellipticum,
the two native evergreen forest trees, have rapidly disappeared
from the Cardamom hills (Murugan et al., 2009a; Jayaraj et al.,
2011). Epiphytes that were distinctive to the CHR forest were
completely eliminated due to frequent and heavy shade removal
of trees. The CHR forest has been severely degraded during the
past 25 years, reducing its roughness (structure) and species
diversity (Figure 2). As a result, the once-healthy forest of the
Cardamom hills have already degraded, and they are now unable
to fulfill their ecological and environmental roles.
Cardamom cultivars used to be seasonal, with flowering
periods ranging from June to September, and only had four
harvests per season (Murugan et al., 2011). Planters were eager
for a steady increase in yield to maintain their economic
superiority and this was accomplished by extensive research

Environmental Condition and Gas
Exchange Measurements
Observations on photosynthetic gas exchange parameters
were measured using a portable photosynthetic system in
yielding plants (4 years old) at three distinct canopy levels
(4th leaf in the upper canopy; 8th leaf in the middle
canopy; 12th leaf in the lower canopy) (LCpro-SD Advanced
Photosynthesis Measurement System, England). Photosynthetic
photon flux density (PPFD, mol m−2 s−1 ), net photosynthetic
rate (A, mol m−2 s−1 ), stomatal conductance (gs, mol m−2
s−1 ), intercellular CO2 concentration (Ci, mol CO2 mol−1 ),
transpiration rate (E, mmolH2 O m−2 s−1 ), and leaf temperature
(Tleaf ) were quantified. Data were collected between 9:30 and

TABLE 1 | Yield of cardamom (cured) from the CHR cardamom hotspots (g plant−1 ).
Sl. No.

Year

1
2
3

Vellaramkunnu

511

742

1,482

912

4

Vazhaveedu

580

916

1,467

988

Mettukuzhy

572

610

1,259

814

Mean

541

738

1,371

–

5

* Old

1990*

2000**

2010**

Mean

Nedumkandam

374

582

1,048

668

Kadamakuly

670

840

1,600

1,037

cultivar (Kodukku Mysore).

** Njallani.
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quality (density) of the firewood used, massive amounts of CO2 containing smoke can be released into the atmosphere. Semi-soft
wood materials have a carbon content of 450–500 g per kg of
wood. In theory, burning 1 kg of firewood produces 1.65–1.80 kg
of CO2 . The CHR utilizes 1.5 lakh tons of firewood every year,
releasing a significant amount of CO2 into the atmosphere. Other
land uses in the CHR, such as pepper and coffee production
systems, do not require fire energy for curing.
The relatively wide variety of daily cycles (surface air
temperature and relative humidity) compared to the
comparatively low variability of yearly cycles is one of the
critical characteristics of the CHR climate, which aids the
multiplication and spread of both minor and major pests and
diseases throughout the season (Murugan et al., 2012b). The
current popular high-yielding varieties like green gold have
vigorous succulent tillers that are prone to insect pests and
diseases. Planters use several rounds of chemical pesticides to
control these pests (18 rounds yr−1 ). Most of the time, planters
use a blend of pesticides. This raises severe concern about
externalities and the CHR system’s long-term viability (Shetty
et al., 2011).
Even if an increase of 0.3◦ C in minimum temperature, over
a decade, did not affect cardamom yields on decadal basis,
increased nighttime respiration due to enhanced night time
minima could reduce cardamom output depending on altitude
and slope properties. Evaporation levels in cardamom hills have
increased due to higher land/soil and surface air temperatures
along with accelerated forest degradation. Depending on the
elevation, increasing evaporation levels have been observed.
Compared to the rainy season months, evaporation levels
in the summer months were exceptionally high over the
observed years. For the past 10 years, year-to-year changes
have been particularly noticeable. Lower elevation sites had
higher evaporation levels than higher elevation sites and the
reason could be the altitude-induced lower temperature levels
and the prevailing colder conditions at the mountain or higher
elevation locations (Figure 3). Higher evaporation at lower
elevations under a diminishing future rainfall scenario might
accelerate soil drying necessitating early and frequent watering
which would increase irrigation costs as well as ecosystem
water demand. Lower elevation sites may also pump more
moisture into the near-surface air, which could substantially
impact the incidence of pests and diseases in valley points.
The pumped moisture can change the saturation and absolute
humidity levels and the air temperature over a short time.
Because they are all interconnected (weather elements) in
many ways, the combined effect of land/soil and surface air
warming has an impact on the atmospheric air’s water holding
capacity (WHC) as well as specific humidity (actual moisture
in the air). The combination of these weather parameters
directly impacts cardamom capsule set (Figures 4–7) and pest
infestation levels (root and foliar pests). Table 2 shows the
relationship between meteorological elements, pests, and diseases
of cardamom.
The volume and distribution of rainfall is the most influential
climatic factors (in cardamom farming), followed by surface air
moisture (humidity), and micro and topoclimate (mediated by

FIGURE 2 | Roughness and shape of the pruned forest trees immediately
after shade lopping in cardamom plantations.

and planning by researchers and planters, who used the genetic
diversity available at the time to identify high-yielding farmers’
varieties such as green gold, Palakkad, etc. These varieties are
succulent and highly responsive to chemical inputs as well as a
less shaded environment. As a result, much of the forest canopy
has been destroyed. Since 1978, the CHR has reported a decadal
increase of 0.3◦ C in surface air temperature (SAT; Murugan et al.,
2000). The increase in the mean annual temperature (T min) has
been more significant at night, resulting in a decrease in the daily
temperature range (DTR; Murugan et al., 2012a). Cardamom
suckering and profuse tillering was driven throughout the season
by temperature fluctuations, amplification at night and day,
severe surface insolation, and increasingly bright daylight hours.
Farmers’ most favorite cultivars now have 45% more tillering
and 135% greater panicle (flower shoot) output, resulting in a
multifold increase in fertilizer nutrient utilization. As a result, the
pH of most of the planters’ field soils ranges from severely acidic
(3.5) to strongly acidic (5.5). Hence the CHR soils, upon longterm application of synthetic fertilizers and chemicals, resulted
in a significant drop in soil pH (Murugan et al., 2017). Foliar
and soil applications of nitrogenous fertilizers are becoming more
common. Regular application of nitrogenous fertilizer sources
(Ammonium-N) at a 250 kg/ha rate will rapidly boost hydrogen
activity by six-fold, causing a pH drop of 1.0 unit. Finally, the
soils will have to be heavily limed. Farmers’ variety outperforms
older clones (Kodukku Mysore) and when all inputs are given
sufficiently, at least a four-fold improvement in production can
be achieved in the hot spot cardamom growing areas (Table 1).
During the harvest season, cardamom curing is a sophisticated
procedure that lasts 150–200 days a year. At least 1,500 units
are actively involved in this job, which burns around 1.5
lakh tones of firewood every year. As a result, the amount
of firewood consumed seasonally to cure fresh cardamom has
increased three-fold in recent years. Other energy sources, such
as electricity and diesel, are not recommended because they are
unstable in supply and expensive. Depending on the type and
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FIGURE 3 | Centennial trend of summer month’s (January to May) precipitation for Pampadumpara.

planters at present provide a minimum of five irrigations in
a 3-month dry period. Furthermore, the vital environmental
resource (groundwater) will be put under more stress. As a result,
cardamom farming may be pushed up to higher elevation sites in
the future.
Over the last two decades, Pampadumpara has seen an average
increase of more than 1 h in bright sun hours. Higher maxima
and a longer period of insolation have been reported on eastfacing slopes due to a lower frequency of clouds in the morning
than in the afternoon. Higher minimum temperatures were
observed due to drier soils, perhaps due to increased evaporation
under conditions of increased insolation. Before the overcast had
built up in the morning, the soil temperatures on the easterly
slopes were up to 10◦ C warmer at 5 cm. However, the cloud cover
limited the warming effect of direct sunlight in the afternoon,
and the west-facing slope was just a few degrees warmer. As
a result, changes in the east-west aspect in tropical highlands,
including the Cardamom hills, could be a key ecological factor
for cardamom growth. The Cardamom hills annually receive less
sunshine (bright) than the Upper Pulnis (Kodai hills), which is
in the order of 1,630 and 2,560 h, respectively (Fyson, 1915).
Nearly 65% of bright sun hours come from the first 5 months
(January to May), which coincides with the tillering and flowering
phase of cardamom, and the remaining 35% of bright sun
hours are received through June to December, synchronizing
the development, maturity, and harvesting of capsules. March
is the brightest month with 233 h, but the cloudiest month is
September, receiving only 33 h (Table 3). The bright sun hours
vary considerably among months and seasons in these tropical
mountains. The period from January to May has recorded
higher levels of sunshine, meaning this period has the minimum
cloudiness coupling with elevated air temperature causing more
evapotranspiration from irrigated cardamom fields. Not much
variation occurs concerning the north and south’s slope and
aspect during the summer season. In most of the months, bright
hours far exceed the morning time sunny hours except during
July, August, and September. Therefore, the west and southwest facing slope will receive more sunlight than the other
counterparts resulting in a huge difference in soil hydrothermal
conditions. This is why the scorching effect on cardamom plants
can be pronounced under such non-irrigated, sparsely shaded

FIGURE 4 | Trend and influence of temperature (min) on cardamom capsule
set (%).

slope length and aspect). The easternmost slopes of the CHR
receives 1,500 mm of annual total rainfall, whereas the westfacing slopes near the Elappara range receive as high as 7,000 mm
(Murugan et al., 2008). Rainfall has been shown to vary more
spatially and temporally across the Cardamom hills. Although
there have been significant variances and reductions in first
monsoon rainfall, the amount of winter monsoon rainfall has
been a growing concern in recent past years. Rainfall throughout
the summer months (January to May) has a considerable
positive link with yield. As a result, summer month rainfall
and distribution are more significant than summer (June to
September) and winter monsoon (October to December) rainfall
for maintaining higher yields. The fact that more than centuryscale precipitation is decreasing in the summer months is a
striking feature (Figure 8). Our observations in the Cardamom
hills revealed a comparable increase in rainfall as altitude
increased (Henry, 1919; Sasaki and Kurihara, 2008; Figure 9).
The variability of rainfall in smaller timescales have been high,
as evidenced by observed long-term precipitation data as well as
future climate (precipitation) change based on inter-comparison
of 36 global climate models, implying that lower elevation
plantations will be exposed to severe water scarcity much more;
thereby increasing the cost of irrigation and cultivation. The
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FIGURE 5 | Trend and influence of relative humidity on cardamom capsule set (%).

FIGURE 7 | Percentage capsule set vs. months.
FIGURE 6 | Trend and influence of mean monthly temperature on cardamom
capsule set (%).

temperatures in the top 15–20 cm soil layer has been observed
at Pampadumpara. For the hottest years, such as 2002 and
2012, the data showed a sudden increase in cumulative mean
soil temperatures across seasons. Over the years, maximum soil
temperature was recorded in March (37.1◦ C), while the lowest
was recorded in November (22.2◦ C). Regardless of time or soil
depth, increased soil temperatures have been documented in
March and April. In the past 25 years, a significant rising trend
in soil temperature at depths of 5 and 10 cm (both with p < 0.05)
has been observed, which positively correlates with the age of
extensive soil insect infestation (Murugan et al., 2017).
The topography, vegetation, and land-use change in tropical
mountain areas cause significant variations in relative humidity
through a season. With increasing air temperature, the
equilibrium relative humidity will rise over time. A strong link
between air temperature and relative humidity is important
for phenology and pathogenic infection in many crops. In

fields during March through May. More trees and higher shade
levels must be maintained in the south and west-facing slopes to
avoid or reduce the scorching effects of long bright sun hours.
Irrespective of the pole direction and aspect, most planters go
for severe shade lopping, which will negatively impact the longterm sustainability of the production system and the ecosystem
as a whole.
Soil temperature data are significantly more essential for
better knowledge of ecosystem services and processes such as
soil nutrient dynamics and soil microbial communities and
their activities, which improve overall environmental quality.
Surprisingly, data and information on soil temperature are
extremely sparse world-wide for key agroecosystems. Longterm soil temperature research is scarce in India and hence,
published material is sparse. Since 1990, a steady increase in soil
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TABLE 2 | Major diseases and insect pests on cardamom and its correlation with climatic factors.
Organisms

Temp (max.)

Temp (min.)

RH (morning)

RH (evening)

Rainfall

Sunshine hours (d−1 )

Diseases
Capsule rot (Azhukal)

–

–

+

+

+

–

Clump rot

–

–

+

+

+

–

Chenthal

–

–

+

+

+

–

Leaf blotch

–

–

+

+

+

–

Fusarium rot

–

–

+

+

+

–

Leaf rust

–

ns

+

+

+

–

Thrips

+

ns

–

–

–

+

Shoot borer

+

ns

–

–

–

+

Shoot fly

ns

ns

ns

ns

+

ns

Insects

Red spider mite

+

+

–

–

–

+

Whitefly

+

+

–

–

–

+

Lacewing bugs

+

ns

–

–

–

+

+, positive; –, negative; ns, not significant.

cardamom, capsule set is strongly correlated with air humidity
and temperatures. The lowest capsule set percentage was
recorded for April (51%), followed by February (58%) and
March (60%). July (84%) registered a maximum capsule set
closely followed by September (82%) and June (82%). Generally,
monsoon months have higher relative humidity levels; therefore,
the capsule set is also high compared to the non-monsoon
and summer months. For all three seasons, relative humidity
at Pampadumpara station has risen over the last two decades.
The month of April had the highest monthly relative humidity
increase, followed by March and October. August and June
had seen the least amount of growth. From 1980 to 1990 and
2000 to 2007, there was a more significant variation in the
winter monsoon (October, November, and December). During
the study period, an increased relative humidity was seen at
the neighboring Myladumpara station in all three seasons. April
had the highest monthly relative humidity increase, followed by
March, May, and December. From 1991 to 1995 and 2000 to 2006,
the relative humidity fluctuated more throughout the winter
monsoon months. Another location (Vandiperiyar station) has
shown both growing (seasons 2 and 3) and declining (season
2) tendencies. Summer months (January to April) had higher
relative humidity levels, while months from June to December
had lower relative humidity levels. For the early monsoon
months (1997–2002) varying degrees of relative humidity were
noticed (June-September). During the winter monsoon months
(October to December) more significant oscillations were seen
in Vandiperiyar, primarily between 1990 and 1995. Variations in
roughness, bright sun hours, rainfall volume, and distribution, as
well as irrigation levels may have contributed to these differences.

FIGURE 8 | Altitudinal effects on the mean annual precipitation in cardamom
growing sites.

condition, 50 and 75% shade). Overall, compared to shaded
leaves (irrespective of leaf position), sun leaves (upper) under
open condition had a higher net photosynthetic rate (A, 3.79
against 2.0 µmol m−2 s−1 ) as well as high stomatal conductance
(gs) and transpiration rate (E) (due to optimum irradiance
availability PPFD 300–900 mmol m−2 s−1 ) but unrelated to
internal CO2 concentration (Ci). In the present study, under
open condition cardamom canopy (upper leaves) received PPFD
not more than 830 mmol m−2 s−1 during July. The higher
A under the optimum PPFD value (300–900 mmol m−2 s−1 )
is in agreement with earlier observation for small cardamom
(Alagupalamuthirsolai et al., 2018). The intrinsic low A in
cardamom is associated with low diffusive limitations (Table 4),
the efficiency of photosystem II, as well as other biochemical
constraints (data not shown) under various irradiance levels.
Morphological plasticity should be the greater acclimative
value (plant height, active physiological tillers, capsule setting

Influence of Shade Levels on Cardamom
Physiology and Microclimatic Condition
Limitations to leaf photosynthesis were explored from three
canopy positions (upper leaves, middle leaves, and lower leaves)
of field-grown cardamom under different irradiance level (open
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FIGURE 9 | Altitudinal change on the mean monthly evaporation levels in two cardamom growing sites.

shoots by Conogethes punctiferalis Guen was more under PPFD
<500 mmol m−2 s−1 (Alagupalamuthirsolai et al., 2019). A
significant difference in internal leaf temperature (Tleaf ) was
observed between upper and lower leaves in all irradiance levels
except in the upper leaf of open irradiance plants (governed by
circadian components like partial leaf folding mechanism) to
reduce irradiance exposure.
Surface air temperature and air relative humidity were the
most critical for flowering, fruiting, and chemical quality of
cardamom (Oommen et al., 2018). The mean air RH (daily mean)
near the panicle has differed significantly between shade level,
and the levels of RH were 78.7, 84.3, and 88.9% under open
condition, 50 and 75% shade, respectively (Table 5). The climate
is slightly warmer near panicles and it has significantly varied
between shade levels. The air temperature near the panicle (daily
mean) was 27.4, 21.0, and 18.4◦ C under open condition, 50 and
75% shade, respectively (Alagupalamuthirsolai et al., 2019).

TABLE 3 | Average monthly bright sun hours at Pampadumpara station in CHR.
Sl. No.

Months

Bright sun
hours
(morning)

Bright sun
hours
(evening)

Total hours

1

January

99.0

121.0

220.0

2

February

95.0

124.0

219.1

3

March

109.3

124.3

233.3

4

April

97.3

113.3

201.0

5

May

76.0

104.0

180.0

6

June

18.0

37.0

55.0

7

July

33.3

47.3

81.0

8

August

16.3

16.3

33.0

9

September

11.3

15.3

27.0

19

October

35.3

56.0

91.30

11

November

45.3

57.0

102.3

12

December

85.0

108.0

193.0

Total

721.1

923.5

1,645

CONCLUSION
The ICH hills are undergoing a rapid environmental change
because of the continuous high consumption of agrochemicals
under intensive cardamom cultivation. The cardamom
ecosystem is also experiencing heavy loss of forest vegetation
that is wiping out the biodiversity of the Indian Cardamom
hills. At least 55–60% of forest tree stand has been modified and
contributed by only three introduced species (Vernonia arborea,
Toona ciliata, and Artocarpus heterophyllus). Climate change
has had a favorable impact on cardamom agriculture in that
it has helped enhance yield and productivity by several times.
The phenomenal increase in productivity of the current popular
varieties has been primarily attributed to significant changes

percentage, and leaf rolling mechanism during hot bright midday) than physiological plasticity as a mean of cardamom leaves
to respond to changing irradiance (Alagupalamuthirsolai et al.,
2018, 2019). Also, the leaves of cardamom plants are exposed
to PPFD 300–900 mmol m−2 s−1 to improve the growth and
capsule yield. Further, the PPFD >900 mmol m−2 s−1 increased
the α-terpinyl acetate (responsible for sweet aroma) whereas
PPFD <500 mmol m−2 s−1 increased the percentage of 1,8cineole (gives a camphorous aroma) in cardamom seeds. The
incidence of insect pests like thrips and bores on capsules was
not affected by different irradiance level, but the damage on
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**
Tleaf (◦ C)

TABLE 5 | The effects of light intensity on microclimate changes near panicles.

U, upper canopy; M, middle canopy; L, lower canopy; * significant at 5% level; ** significant at 1% level; ns, non-significant. Within columns, means followed by the same letter (a–d) are not significantly different according to Duncan’s
multiple range test.

ns

33.5abc
33.6abc
32.6c
34.2a
33.9ab
**

34.1ab
30.9d
**

33.1bc

0.858
0.529
0.759
0.618
1.055
*
E (mmolH2 O m

−2

Ci (µmol mol)

gs (mol m−2 s−1)

s

−1

)

*

0.815

abc
a

0.783

34.2ab

ns

0.564bc
0.639

bc

319.6ns
312.5ns

ab
c

297.6ns
307.4ns

bc
bc

318.1ns
303.5ns
309ns
ns

ns

304.5ns

abc

313.0ns

*

**
0.027b
0.028b
0.036b
0.028b
0.034b
0.03b
0.03b
0.079a
**

**

0.039b

**
55.1c

1.13bc
0.98c

176.9c
128.3c

1.94bc
1.73bc

81.4c
108.2c

1.74bc
1.27bc

373.9b

1.86bc
3.79a

2.05b

861.5a
830.7a

*
A (µmol CO2 m−2 s−1)

**
**
PPFD (µmol m−2 s−1)

**

212.8bc

C*S
M
M
M
U

L

Effects of Cardamom Cultivation-ICH

Shade
level (S)
Canopy
position
(C)

Open condition
ANOVA

TABLE 4 | Light intensity and photosynthetic gas exchange in cardamom under different canopy level.

U

50% shade

L

U

75% shade

L

ANOVA
(C*S)

Murugan et al.
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Treatments

Mean air
temperature
ranges near
panicle (◦ C)

Mean relative
humidity near
panicle (%)

Open condition

27.4a ± 5.16

78.7a ± 3.42

50% shade

21.0b ± 2.41

84.3b ± 4.41

75% shade

18.4c ± 1.80

88.9c ± 4.47

**

**

ANOVA

** Significance level at P < 0.01; values represent mean of 10 replications. Within columns,
means followed by the same letter (a–c) are not significantly different according to
Duncan’s multiple range test.

and variations in the atmospheric and soil-climatic elements.
Meanwhile, previously high yielding types of cardamom had
never been exposed to such variability and changes and input
levels (chemicals, energy, and shade removal). As a result,
the CHR forest’s biodiversity, structure, and function have all
significantly declined. In the CHR forest, only three species
account for more than 60% of all individuals. The CHR forest is
missing at least 95% of epiphytic diversity. Cardamom genetic
diversity has disappeared totally from planters’ fields, resulting
in a lack of genetic diversity in the global cardamom hot spot
(GCHS). Chemicalized cardamom farming has damaged the
health and quality of the soil. Cardamom cultivation in CHR has
increased pests and disease concerns, posing a serious threat.
Planters believe that immersing the cardamom plantation is
necessary for pest and disease management. If this is the case,
the queen of spices (cardamom) will rise to the king of pesticide
usage, turning the kingdom of spices into a land of poisons.
Cardamom cultivation has increased its cost of production by a
factor of ten, resulting in a steadily diminishing net profit, making
economic viability improbable. The prevailing perilous situation
of biodiversity loss and soil-water environmental degradation
must be changed appropriately so that ecosystem health and
sustainability can be restored. Energy transfers in the CHR
ecosystem explored in the future will help to improve cardamom
cultivation’s ICH long-term agricultural sustainability.
The cardamom microclimatic conditions inside the
cardamom canopy are influenced by shade level. At 75%
shade level, air relative humidity close to surfaces was highest,
while the mean air temperature was lowest. The relative humidity
near the surface was lowered in open conditions, while the mean
air temperature remained high. Maintaining a higher shade level
has improved the cardamom canopy at the microclimatic level.
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