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Abstract Soil CO, efflux (F) is a significant con-
tributor of labile CO, to the atmosphere. The Himala-
yas, a global climate hotspot, condense several climate
zones on account of their elevational gradients, thus,
creating an opportunity to investigate the F; trends
in different climate zones. Presently, the studies in the
Indian Himalayan region are localized to a particular
forest type, climate zone, or area of interest, such as
seasonal variation. We used a portable infrared gas
analyzer to investigate the F; rates in Himalayan
tropical to alpine scrub forest along a 3100-m eleva-
tional gradient. Several study parameters such as sea-
sons, forest types, tree species identity, age of trees,
distance from tree base, elevation, climatic factors, and
soil physico-chemical and enzymatic parameters were
investigated to infer their impact on F; regulation.
Our results indicate the warm and wet rainy season
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F,; rates to be 3.8 times higher than the cold and
relatively dry winter season. The tropical forest types
showed up to 11 times higher F; rates than the alpine
scrub forest. The temperate Himalayan blue pine and
tropical dipterocarp sal showed significant F; rates,
while the alpine Rhododendron shrubs the least. Tem-
perature and moisture together regulate the rainy sea-
son F;; maxima. Spatially, F; rates decreased with
distance from the tree base (p=—0.301; p<0.0001).
Nepalese alder showed a significant positive increase
in F,; with stem girth (R*=0.7771; p=0.048). Spe-
cies richness (r, 0.81) and diversity (r, 0.77) were
significantly associated with F, while elevation
and major edaphic properties showed a negative asso-
ciation. Surface litter inclusion presented an elevation-
modulated impact. Temperature sensitivity was exor-
bitantly higher in the sub-tropical pine (Q;,, 11.80)
and the alpine scrub (Q,,, 9.08) forests. We conclude
that the rise in atmospheric temperature and the reduc-
tion in stand density could enhance the F; rates on
account of increased temperature sensitivity.

Keywords Soil CO, efflux - Elevational gradient -

Seasonal patterns - Spatial variation - Community
structure - Temperature sensitivity

Introduction
Soil and biotic carbon (C) pools together constitute

the third largest global carbon pool, i.e., terrestrial
carbon pool, with an estimated reserve of 1950-3050
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petagrams (Pg) of C (Friedlingstein et al., 2020;
Lal, 2008). Several other studies place the estimated
reserve from 2860 to 3123 Pg C (Lal, 2008; Lal et al.,
2021; Wani et al., 2022); such discrepancies are due
to the uncertainties in the terrestrial carbon fluxes
(Lovenduski & Bonan, 2017). The influx of carbon in
terrestrial C pool is through the process of photosyn-
thesis (108—120 Pg year™"), while the pool loses C to
the atmospheric pool primarily through the process of
soil respiration (R,) (60-107 Pg year™!) and through
terrestrial fires (Hari & Tyagi, 2022; Lal, 2008).
Excessive carbon emission into the atmospheric pool
is critical since the labile atmospheric carbon, princi-
pally in the form of carbon dioxide, is responsible for
global warming (Lashof & Ahuja, 1990). Soil respi-
ration (R,) is the largest source of CO, efflux to the
atmosphere and even exceeds the CO, release from
fossil fuel combustion by seven times (Giardina et al.,
2014). A slight change in R, levels could cause signif-
icant variations in the atmospheric C pool (Trumbore,
2006). The global surface warming hiatus during
1999-2014 hints towards global temperature stabi-
lization in the early twenty-first century. Its relapse,
however, is imminent due to a rebounding increase in
mean surface air temperatures (Lei et al., 2021). Esti-
mating the levels of R, is therefore crucial for devel-
oping climate policies.

Besides its role in the terrestrial C cycle, R, is a
prominent soil quality indicator, primarily due to its
sensitivity towards vegetational changes, anthropo-
genic activities, soil contamination, and ecosystem
degradation (Bastida et al., 2008; Cardoso et al.,
2013). Soil respiration has two functional components
or sources: autotrophic and heterotrophic respiration
(Kuzyakov, 2006), and the terms R and soil CO,
efflux (F,,) are erroneously used interchangeably
(Maier et al., 2011). Soil respiration under instantane-
ous estimation is limited up to 67% through several
features such as soil pore spaces, dissolution with soil
water, and biological or chemical reactions (Maier
et al., 2011; Sanchez-Cadete et al., 2018). Therefore,
for short-term measurements, the true soil respiration
rate cannot be determined, and such measurements
thus give an estimate of soil CO, efflux. The F is
a quantitative measure that describes the steady-state
CO, efflux dynamics and generally reflects the soil
health (Bastida et al., 2008; Laishram et al., 2012).

Globally, F|; regulation is at the temporal and spa-

S
tial levels, along with perturbations from natural and
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anthropogenic disturbances (Luo & Zhou, 2006). The
temporal regulation of F; is primarily determined
by soil temperature and moisture variations (Raich
& Potter, 1995). Soil temperature influences F; by
regulating microbial respiration, soil microfaunal pop-
ulations, and root respiration levels, while soil mois-
ture is regulatory only at very low (drought) or very
high (waterlogging) levels (Epron et al., 1999; Fang
& Moncrieff, 2001). Besides these abiotic factors, the
vegetation type and substrate quality also impact F;
(Jenkins & Adams, 2011). Most global and regional
studies have associated temperature and moisture
influences on R, and F;, while the impact of veg-
etational characteristics and their spatial distribution
remains largely understudied (Giardina et al., 2014;
Metcalfe et al., 2011; Schurman & Thomas, 2021).
Within the terrestrial ecosystem, forests cover the
most considerable portion, and trees in the forest ecosys-
tem have the largest share of the forest C pool (Lorenz
& Lal, 2010). Therefore, understanding the influ-
ence of tree species on F; could help with regional
C management goals. Impact of climate change is
not uniform throughout the terrestrial ecosystem. The
mountain ecosystems face the most significant climate
change impact (Becker & Bugmann, 2001). Climate
change greatly impacts the R, in the cold and high-
latitude regions of the world (Karhu et al., 2014; Lei
et al., 2021). The Himalayan mountains, especially the
central and western parts, have more significant warm-
ing patterns than the average global trend (Schickhoff
et al., 2016). Apart from this, the R, and F; research
in the Himalayan region remains limited, and detailed
in situ studies have recently emerged using sensitive
measurement techniques. Recent studies in the Hima-
layas focus on several aspects, viz., influence of differ-
ent temperate tree species on R, under different seasons
(Kumar et al., 2023; Rawat et al., 2021); use of F; as
an indicator to understand the role of a particular spe-
cies (Alnus nepalensis D.Don) in influencing soil prop-
erties (Joshi & Garkoti, 2020); role of soil macrofauna
such as termites in regulating F; (Chakraborty et al.,
2021); impact of land-use systems on R, (Bhuyan
et al., 2014; Vikram et al., 2022); impact of different
ecosystems on R, (Byanjankar et al., 2020); determin-
ing the controlling factors such as temperature, precip-
itation, and slope aspect on F; (Dhital et al., 2022;
Kumar et al., 2020); large-scale assessment of vegeta-
tional, topographic, and edaphic drivers of R, (Pandey
et al., 2023; Wangdi et al., 2017); impact of soil
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erosion on terrestrial carbon loss through soil respiration
(Mariappan et al., 2022); impact of forest fire on soil
basal respiration (Singh et al., 2021); seasonal varia-
tion in night time F; under conifer (Pinus roxburghii)
plantation (Singh & Parida, 2019); experimental
warming impact on alpine R, and ecosystem respi-
ration (Tiwari et al., 2021); and even net ecosystem
exchange of CO, including F; (Singh et al., 2019).

In the IHR, older studies investigated the impact
of seasons and vegetation on F; primarily using
the alkali-trap-based method for F; determination
(Bargali et al., 1992; Dar et al., 2015; Joshi, 1994;
Ramesh et al., 2013). This method has lower sensitiv-
ity than infrared gas analyzer (IRGA)-based systems
(Pongracic et al., 1997). Furthermore, studies incor-
porating the impact of vegetational characteristics
on F; in the Himalayas are primarily restricted to
specific forest type/s, species, climate zones, or land
use classes (Bargali et al., 1992; Joshi, 1994; Joshi &
Garkoti, 2020; Joshi et al., 1991; Kumar et al., 2023;
Pandey et al., 2023; Rawat et al., 2021; Vikram et al.,
2022). The elevational gradients in mountain ecosys-
tems mimic the latitudinal patterns, and the former
prove advantageous because of their steep gradients,
accommodating several climate zones in smaller
geographic areas. This helps to reduce the spatial
extent, thus enhancing replicates for ecological stud-
ies (Sanders & Rahbek, 2012). With immense topo-
graphic heterogeneity and being climate-sensitive,
Himalayan forests are key in understanding the spa-
tio-temporal determinants and vegetational character-
istics influencing soil CO, efflux trends along wider
elevational transects.

We, thus, undertook this study to understand the
impact of elevation on F; in major forest types of
Central Himalayas, India, covering an elevational
span of 3100 m. Furthermore, we also investigated
temporal, spatial, and tree species—associated features
(species identity and diversity) to determine how
each variable influences F; at different elevational
ranges. This study is probably a first-of-its-kind study
in the Indian Himalayan region (IHR) along a broader
elevational gradient.

We hypothesized that (1) forest types will have dif-
ferent F; rates on account of the variation in species
composition; (2) F,; will have temporal variations
(seasons) at forest type and species level due to the
seasonality of soil temperature and moisture trends; (3)
forest floor litter will impact total surface CO, efflux

rates on account of litter respiration; and (4) spatial
factors like distance from tree base, age class, topo-
graphic, climatic, species diversity, and edaphic factors
will impact F; rates. To test these hypotheses, the pri-
mary objectives of our study included the following:

(a) Measure F; along an elevational gradient at for-
est type and tree species level.

(b) Estimate the temporal variation (seasonal) in F;
rates for forest types and tree species together
with the temperature sensitivity (Q,)-

(c) Measure the influence of surface litter on the
CO, efflux rates.

(d) Calculate the impact of distance from the tree

base on F; rates (spatial variation) and tree spe-
cies age class (stem girth) on F; rates.

(e) Measure the impact of elevation, species diversity,
topographic, climatic, soil physical, chemical, and

enzymatic properties on F; rates.

Materials and methods
Study area description

Nine forest stands were selected in the Garhwal region
of Uttarakhand, India (Fig. 1). Uttarakhand represents
the Indian portion of the Central Himalayas, referred
to as the Indian Central Himalayas (ICH). The ICH
has 44 recognized forest types (Champion & Seth,
1968). Based on site accessibility and protected area
status (to reduce anthropogenic interference), nine
forest stands were selected representing nine forest
types (FT) (Table 1, Fig. 1). Forest types selected are
major forest types, as they represent 63.42% of the
total forest cover of the state (FSI, 2019). The study
sites lie between the geographic bounds of 30° 00’ to
30° 46’ N latitude and 77° 48' to 79° 13’ E longitude
(Fig. 1), covering a wide elevational span from 360 to
3510 m (Table 1).

The forest type FT1 lie in the core zone of Rajaji
National Park. Forest types FI2, FT4, and FT6 are
reserve forests, while FT3, FT5, FT7, FT8, and FT9 lie
in the core zone of the Kedarnath Wildlife Sanctuary.
The climate of the study area has three distinct seasons:
cold and relatively dry winter season (November—Feb-
ruary), warm and dry summer season (April-June), and
warm and wet rainy season (July—September). Short

@ Springer



876 Page 4 of 25

Environ Monit Assess (2023) 195:876

z 67°52]'30"E . 78°53ol'30"E . 89"54['30"E l1()0°5|5'30“E

77°4.:'>'0"E 78°0I'0"E 78°1 ?‘0"E

78°4EI')'0"E 79°0I'0"E

o !
o
T N
&0 INDIA DEHRADUN DISTRICT |
A A
z z
e o
S
Legend b2
5 9 3
- ®  Study Sites
4 |: Dehradun
° Elevation i
? 7 Value (m)
8 [ ] 285-500 z
4 501 - 1,000 [54
> Legend [ 1,001 - 1,500 -?
g ',,. Country [ J1501-2000 |
o “[: India [ ]2001-2500 | =z
(T 1t Tt 1 1 T T ] Study State rrrrrTo] [J2501-3000 | ©
40 [CORREE00 2800 km ™ arakhand || O 10 20 40 km [ 3,001 - 3,500 g
I
N N £
UTTARAKHAND RUDRAPRAYAG DISTRICT] e
Y
A A B
F18
FT5 /
; FT7
z 1 FT3 .
(4 2 e
¢ > z
o
3 \FT8 FT9 =
FT7 Legend f,;
e StudySites [ |3,001-3500
[_] Rudraprayag [__] 3,501 - 4,000
Elevation ] 4,001 -4,500
z o Study Sites Value (m) [_Jas01-5000]
_8 i Study State [Iseo-1,000 []s5001-5500f £
o [ ] uttarakhand [11,001-1,500 [ 5,501 -6,000 -:u_)
4 Study Districts [ 1,501 -2,000 [[7] 6,001 - 6,500 &
T rrrrr [ ] pehradun [ 2,001 -2,500 [ 6,501 -7,000]
T T T
0 45 90 180 km [ | Rudraprayag] |0 10 20 40 km [ 2,501 - 3,000
T T T T T T T
77°55'30"E 79°26'0"E 80°56'30"E 79°0'0"E 79°15'0"E 79°30'0"E 79°45'0"E

Fig.1 Study area map. Map of India showing study state
Uttarakhand, map of Uttarakhand showing study districts with
sites, and the elevational gradient map of districts Dehradun

spring and autumn seasons are prevalent during March
and October, respectively (Singh & Singh, 1987). The
winter season in the sub-alpine to alpine regions may
extend up to April (Rai et al., 2012). The forest types
FT3-FT9 receive snowfall during the winter months,
with FT5-FT9 receiving heavy snowfall, leading to
high snow density and depth. Therefore, we collected
the F; measurements in these forest stands either after
the first spell of light snowfall or during the first week
of December, when the precipitation chances are lower
(Fick & Hijmans, 2017). Overall, the study area experi-
ences a monsoon climate with maximum rainfall during
July and August and the least from October to Decem-
ber. Within the study area’s elevational range (Table 1),
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and Rudraprayag showing the nine study sites. FT1 to FT9
refer to forest types 1 to 9, respectively

the average maximum monthly temperature ranged
from 17.19 to 38.23 °C, while the average minimum
monthly temperature ranged from—5.44 to 6.97 °C
(Fick & Hijmans, 2017).

The vegetational characteristics, community struc-
ture, and anthropogenic disturbance levels for each
forest type (except FT9) have been detailed previ-
ously (Kaushal et al., 2021). The dwarf Rhododen-
dron scrub forest (FT9) at Chandrashila is dominated
by an alpine shrub species, Rhododendron anthopo-
gon D.Don (Rai et al., 2012).

Along the elevational gradient, the forest types lie in
the Cenozoic Himalayan Foreland Basin, Inner Lesser
Himalayan sedimentary belt, and Higher Himalayan



Environ Monit Assess (2023) 195:876

Page 5 0of 25 876

Table 1 Vegetational and topographic characteristics of studied forest types

Forest type Location Dominant tree Forest type®  Elevation Slope® (slope Max Temp.! Min Temp.® Rainfall’
(FT) code  (district) species® (m.a.s.l.)  aspect) °O) °O) (mm)
FT1 Motichur Range  Shorea robusta ~ Moist 360 3.01 (W) 29.48 17.10 1528
(Dehradun) C.F.Gaertn Shiwalik
sal forest
(3C/C,a)
FT2 Asarori Range Shorea robusta  Bhabar-Dun 692 3.63 (NW) 27.35 15.52 1983
(Dehradun) sal forest
(3C/C,b(i))
FT3 Gondar Pinus roxburghii Himalayan 1710 30.84 (E) 20.22 9.40 1361
(Rudraprayag) Sarg chir pine
forest (9/
Cb)
FT4 Chakrata Range  Quercus leu- Ban oak 2109 36.21 (E) 19.14 9.63 1734
(Dehradun) cotrichophora forest (12/
A.Camus Cia)
FT5 Triyuginarayan  Neolitsea pallens Moist 2210 2048 (NE) 17.80 8.02 1631
(Rudraprayag) (D.Don) temperate
Momiy. & deciduous
H.Hara forest (12/
Cie)
FT6 Kanasar Range Cedrus deodara  Moist deodar 2342 27.87 (W) 17.86 9.03 1624
(Dehradun) (Roxb. Ex forest (12/
D.Don) G.Don Cic)
FT7 Chopta Rhododendron Kharsu oak 2981 29.75 (W) 12.94 3.89 2028
(Rudraprayag) arboreum Sm forest (12/
Cya)
FT8 Tungnath Abies spectabilis  West 3296 19.62 (NW) 11.81 2.81 1982
(Rudraprayag) (D.Don) Mirb Himalayan
sub-alpine
high-level
fir forest
(14/Cja)
FT9 Chandrashila Alpine meadow  Dwarf 3510 19.94 (NW) 11.16 2.17 1931
(Rudraprayag) Rhododen-
dron scrub
(15/Ey)

The climate data is sourced from WorldClim (Ver. 2.1) and represents the data average from 1970 to 2000

“The data for dominant tree species were obtained from Kaushal et al. (2021)

®The forest-type classification is based on Champion and Seth (1968). Values in parentheses indicate the forest-type code as per the

forest-type classification of India

Slope is represented in degrees. For the slope aspect, W west direction, NW northwest direction, E east direction, NE northeast direction
P P g pe asp!

d¢ Average annual maximum and minimum temperature

fTotal annual rainfall

Crystallines belt. The major geologic constituents in
the study sites are sandstones, shales, carbonates, mica
schists, gneisses, and granites (Jain, 2020). Based on
the digital FAO-UNESCO soil map of the world (FAO,
2007), the tropical forest types FT1 and FT2 have

Calcaric Fluvisols soil types. Dystric Cambisols make
up the FT4 and FT6 soil types, whereas Lithosols,
Humic Cambisols, and Rankers combine to form the
primary soil type for FT3, FT5, FT7, FT8, and FT9,
respectively (Supplementary Fig. S1).

@ Springer
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Study sampling design and acquisition of remotely
sensed topographic and climate data

A preliminary reconnaissance survey for the analyses
of F,; was carried out from September to Decem-
ber 2020. The standard quadrat method was used for
vegetation sampling and F; measurements. In FT1
to FT6, ten square quadrats of dimension 1000 m?
(31.6 mx31.6 m) were randomly laid in each forest
type to cover 1 ha of area (Kaushal & Baishya, 2021;
Kaushal et al., 2021). In FT7 and FT8, due to undu-
lating terrain and unpredictable weather conditions,
five quadrats (1000 m?) were laid in each forest type.
In alpine forest type FT9, five quadrats of 25 m?
(5 mx5 m) were laid due to the limited terrain and
being a tapering mountain peak (Chandrashila Peak).
Therefore, the total area surveyed in this study for
the in situ F ;) measurements was 7.0125 ha. All
the F,; measurements were conducted within the
permanent plots established.

Site-specific topographic estimates of elevation,
slope, and slope aspects were classified from the digi-
tal elevation model (DEM) data of the shuttle radar
topography mission (SRTM) at 1-Arcsec spatial reso-
lution (ca. 26 m at 30° latitude) (https://earthexplorer.
usgs.gov/). The average monthly climate data, viz.,
minimum temperature (7,,;,) (°C), maximum temper-
ature (7,,,) (°C), precipitation (mm), solar radiation
(kJ m~2 day_l), and water vapor pressure (kPa), was
extracted from WorldClim global dataset at 30-Arcsec
resolution (Ver. 2.1 released, 2020) (Fick & Hijmans,
2017). The topographic and climate raster layers were
processed using ArcGIS (ver. 10.5) software.

Determination of in situ soil CO, efflux (F;;)

The in situ F,; was measured from February 2021
to June 2022 using the CI-340 Portable Photosynthe-
sis System (CID Bio-Science, Inc., USA) (Fig. 2a)
equipped with a CI-301SR soil respiration chamber
(Fig. 2b). The chamber has an area of 73.4 cm? and
a volume of 0.58 liters when inserted to a depth of 1 cm
in the soil. CI-340 is an environmentally sealed, non-
dispersive infrared gas analyzer (IRGA) unit coupled
with a gas pump, flow regulators, and environmental
analyzers. The system was operated in closed-system

@ Springer

mode with 1-s sampling (IRGA detection) interval,
0.5-1 min~! gas flow rate, and 15 to 180 s of measure-
ment time. The measurement time varied to accommo-
date the F|; range since a shorter sampling time (15 s)
avoids the oversaturation of the analyzer (2200 ppm
CO,) during measurement. An infrared (IR) tempera-
ture sensor attached to the soil chamber determines the
soil surface (7;)) temperature (°C), while a photosyn-
thetically active radiation (PAR) sensor determines the
incoming PAR values (pmol m~2 s™!) (Fig. 2b).

The F in the studied forest types was randomly
analyzed at two points within each quadrat. Thus, for
the 75 quadrats laid in the study, 150 F measure-
ments were taken which represents 20 F; measure-
ments each for FT1-FT6 and 10 each for FT7-FT9
for a particular season. The measurements were taken
at least 3-5 m from any tree or large shrub to avoid
the undue effects of specific plant species. Before
inserting the chamber, freshly fallen and surface litter
was removed, and any herbaceous growth was clipped
with field scissors to avoid CO, capture due to pho-
tosynthesis (Fig. 2a and g). Forest type—specific F
estimates were collected seasonally to determine the
temporal (seasonal) influence. The F; under forest
types and dominant or major tree species (Fig. 2j) was
measured separately in two seasons, i.e., rainy and
winter (Fig. 2e, f, h, i, k, and 1). These seasons were
selected due to the maximum differential in their tem-
perature and precipitation parameters. The summer
season (May—June) and the rainy season were alike
in terms of temperature parameters. It was thus not
included and only used for exploratory measurements
in climax forest types, viz., FT1, FT3, FT4, and FT6.
For tree species—specific F; measurements, around
15-20 replicates were collected per species per sea-
son and these measurements are independent of the
seasonal forest-type F; determination. The measure-
ments were made during the peak period of the winter
(December—January) and rainy season (July—August).
Only one set of measurements was taken for each sea-
son to reduce the within-season variability.

Organic litter-associated CO, efflux was estimated
by placing the chamber on the ground without remov-
ing the surface litter, followed by a second measure-
ment after clearing the surface litter. For the impact
of litter on F;;, we randomly sampled 15 replicates
within the permanent quadrats for each forest type.
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Fig. 2 Quantification of
in situ F; rates. a CI-

340 Portable IRGA with
CI-301SR soil chamber in
closed-system mode (see
the looped connector tube
on the top); b soil chamber
with IR temperature sen-
sor and PAR sensor; also
notice a soil temperature
probe inserted next to the
chamber; distance effect
from tree base under ¢
Tectona grandis (FT1) and
d Aesculus indica (FT5);
temporal effect under rainy
and winter season respec-
tively at FT1 (e, f), FT3 (h,
i), and FT9 (k, 1); notice
the effect of season on the
ground flora; g F; under
forest type (note equidis-
tant placement) at FT7; j
F; determination under
tree species base (Cedrus
deodara, FT6)

The effect of distance from the tree base (spatial
variation) on F, was determined for dominant or
major tree species (Kaushal et al., 2021) at three dis-
tances from the tree base, viz., 0 cm (just under the
tree trunk), 100 cm, and 250 cm (Fig. 2¢, d). Around
5-10 individuals of each tree species were randomly
selected for the distance effect. The influence of age

class (determined using stem girth) on F; was esti-
mated at the base of dominant or major tree species
under varying stem girths. The forest types studied
had individuals of various girth classes (Kaushal &
Baishya, 2021), and around 10-20 individuals were
selected for each species, incorporating the maximum
girth range available.

@ Springer
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Quantification of soil physical, chemical, and
enzymatic properties

Samples for soil analyses (FT1 to FT8 only; FT9
excluded owing to rugged terrain) were randomly
collected from two points within each quadrat during
the rainy and winter seasons (70 quadratsX2 sam-
ples per quadratx 2 seasons). Soil samples were col-
lected from O to 10 cm soil depth using a soil hoe by
excavating a 10 cmXx 10 cmXx 10 cm soil block. We
selected the O to 10 cm soil depth since this layer con-
tains the maximum amount of organic matter under-
going decomposition, the presence of surface litter
with associated microbial faction, litter leachates, and
the maximum contribution of nutrients from through-
fall and stemflow. This soil layer is also directly in
contact with the atmospheric temperature, moisture
conditions, and plant roots. All replicate samples for a
forest type were homogenized and reduced using the
quartering method. Soil samples were sieved using a
2-mm sieve prior to soil analyses. Soil temperature
was measured up to a depth of 0-15 cm (75) using a
soil probe thermometer (R-tek® digital thermometer)
(Fig. 2b). Soil moisture was determined gravimetri-
cally at 105 °C in a forced hot-air oven and expressed
as a percentage of dry soil weight (Anderson
& Ingram, 1993). Soil pHyy,o was determined using
field moist 2-mm sieved soil in a 1:2.5 (w/v) ratio
of soil and de-ionized water solution (Anderson &
Ingram, 1993). Soil electrical conductivity was deter-
mined in a 1:2 (w/v) solution of fresh sieved soil
and de-ionized water using a handheld conductiv-
ity tester (PCSTestr™ 35, Eutech Instruments). Soil
organic carbon (SOC) was determined in sieved air-
dried finely ground soil samples using IRGA-based
elemental analyzer (liquiTOC II, Elementar GmbH,
Germany). Total Kjeldahl nitrogen (TKN) was deter-
mined by Kjeldahl digestion and steam distillation
using an automatic distillation unit (UDK149, VELP
Scientifica, Italy). Soil available phosphorous was
determined using 2.5% acetic acid extraction and
molybdenum blue chemistry (Allen et al., 1974). Soil
exchangeable potassium was estimated using 1 M
neutral ammonium acetate extraction and subsequent
determination using flame photometry (Flame Pho-
tometer 128, Systronics, Ahmedabad). Soil dehydro-
genase enzyme activity (DHA) was determined in
fresh sieved soil by 2, 3, 5-triphenyltetrazolium chlo-
ride (TTC) reduction assay (Casida, 1977).
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The effect of temperature dependence (temperature
sensitivity—Q,,) on F,; was determined using the
0, coefficient (Mundim et al., 2020) at the forest-type
level and for individual tree species. The Q,, value
was calculated using a first-order exponential equation
(Eq. 1) (Fang & Moncrieff, 2001):

R 10/(T,=Ty)
2
= | — 1
Qo <R1> H

Here, Q,, is the temperature sensitivity factor; R,
and R, refer to F; rates under two seasons with tem-
peratures (in °C) T and T, respectively, with consid-
eration of 7,>T,. The average of F; rates for a par-
ticular season and soil temperature (0—15 cm depth)
were used for 0, measurements.

Statistical analyses

The data were first tested for the assumption of nor-
mality using Shapiro—Wilk’s test and for homoscedas-
ticity using Levene’s test. An Independent sample #-test
was conducted to determine the significant difference
between the means for the rainy and winter seasons
among each forest type and tree species—specific F;
measurements. Welch’s one-way analysis of variance
(ANOVA) with the Games-Howell post hoc test was
used to test significant differences between the F
means (for different forest types of a particular season)
and the comparison of summer, rainy, and winter sea-
son F; rates for the forest types. Parametric ANOVA
with Tukey’s HSD post hoc test was used to determine
the significant difference in assessing spatial varia-
tion, i.e., distance from tree base effect on F; rates.
A paired-sample #-test was used to assess the impact
of surface litter on F; rates. Linear and non-linear
regressions were performed to determine the relation-
ship between the tree stem girth (independent variable)
and F; rate (dependent variable) for different tree
species under different forest types.

A two-tailed Pearson correlation analysis was used
to determine the degree and direction of association
between the F,; rates (under rainy and winter sea-
sons); topographic, climatic, and tree species diver-
sity (Kaushal et al., 2021); tree species biomass stock
(Kaushal & Baishya, 2021); and soil properties. A fac-
tor reduction analysis as principal component analy-
sis (PCA) was performed with forest-type F; rates,
climatic, topographic, species diversity, biomass, and
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soil properties. The PCA was performed using a corre-
lation matrix. Components with Eigenvalues > 1 were
retained as principal components (Kaiser’s rule) (Zuur
et al., 2007). The PCA loading correlations and biplot
were used to interpret the factor reduction results.

All statistical analyses were conducted at a 5% sig-
nificance level either using SPSS ver. 23 (IBM, USA)
or PAST ver. 4.11 software (Hammer et al., 2001).
The graphs were plotted using GraphPad Prism ver.
9.5.0 for Windows (GraphPad Software, USA).

Results

In this investigation, ca. 1200 F; measurements
were recorded and further scrutinized to exclude erro-
neous observations due to inaccurate measurements,
improper gas flow rate, and poor soil chamber fit.

F,,; rates under different forest types and seasons
(temporal effect)

Among all forest types, FT1 had the highest F; rate
(10.37 pmol m~2 s7!) during the rainy season and
FT5 (4.42 pmol m2sh during the winter (Fig. 3).
The FT9 had the least F; value among all the forest
types for both the seasons. All forest types showed a
statistically significant difference between the means
of F; for rainy and winter seasons (Fig. 3 and Sup-
plementary Table S1). Throughout the forest types,
the rainy season had an average of 3.8 times higher
F; rates than the winter, with the increment level
ranging from 1.8 (FT5) to 11.5 (FT9) times. The for-
est types showed a statistically significant difference
in F; rates during the rainy (Welch’s F(8, 28.3),
11.22; p<0.0001) and the winter season (Welch’s
F(8, 19.4), 36.08; p<0.0001). However, the Games-
Howell post hoc test showed the non-significance of
F,; rates between several forest types for a particu-
lar season (Supplementary Table S1). FT5 and FT9
showed the least spread in the F; rates for the rainy
and winter seasons, respectively, with a smaller inter-
quartile range (Fig. 3).

A significant difference was observed between the
summer, rainy, and winter seasons’ F; rates (Fig. 4
and Supplementary Table S2). The Games-Howell
post hoc test showed that the tropical (FT2) and sub-
tropical (FT3) forest types significantly differ for the
rainy season F; values from the other two seasons.
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Fig. 3 Box-whisker plot representing the soil CO, efflux rates
for forest types studied under two seasons. The boxes extend
from the 25 to 75™ percentile with the median represented by
a bar and the mean by the plus sign. The whiskers represent the
smallest and the largest data value

However, the summer and winter seasons’ F; did
not differ significantly. This trend was not consistent
for the temperate (FT4 and FT6) forest types, where
all three seasons varied significantly (Fig. 4). None-
theless, all the forest types had the rainy season with
the highest F; rate.

The Q;, values for the forest type ranged from
1.6 (FT5) to 11.8 (FT3), with the average Q,, value
being 4.09. The sub-tropical pine (FT3: Q,, 11.8) and
alpine scrub (FT9: Q,, 9.08) forest types had excep-
tionally high-temperature sensitivity, while all the
remaining forest types ranged between 1.60 and 2.67
(Supplementary Table S1).

F,,;; rates under dominant/major tree species in
different forest types and seasons

Temperate Pinus wallichiana A.B.Jacks. (12.6 pmol
m~2s™") and tropical S. robusta (4.47 pmol m2s7h
had the highest F; rates among tree species in rainy
and winter seasons, respectively (Supplementary
Table S3, Fig. 5). Alpine dwarf shrub R. anthopogon
had the least F; rate for both the seasons among the
species (Fig. 5).

Almost all the tree species investigated showed a
significant difference in the means for both seasons
in the F; rates (Fig. 5). The highest F incre-
ment from winter to rainy season was 548% in R.
anthopogon (FT9), followed by 328% in Rhododen-
dron arboreum (FT3), and 320% in P. wallichiana
(FT6). The average increment for all the species taken
together was 190%.
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sensitivity values in different forest types under dif-
ferent elevations.

Impact of surface litter on F_; and distance from tree
base (spatial variation)

The F,; measurements with surface litter yielded
discordant results among the forest types (Fig. 6, Sup-
plementary Table S4). Irrespective of statistical sig-
nificance, only the tropical (FT1) and sub-tropical
(FT3) forest types showed higher F; rates (around
1.2 times higher) with surface litter. In contrast, the
temperate sites (FT4, FT5, FT6, and FT7) showed the
opposite. Statistically, FT3, FT4, and FT7 showed no
significant differences in F; rates with and without
surface litter as determined through paired sample
t-tests (Fig. 6).

Only two tree species, i.e., T. grandis (FT1)
(Fig. 7a) and Aesculus indica (FT5) (Fig. 7b), showed
a statistically significant difference between the dis-
tances for F; rates. Generally, most species’ F
rate was the highest closest to the tree base (Supple-
mentary Table S5). The average F; for all the spe-
cies combined (Fig. 7c) in terms of spatial variation
showed a significant difference (F(2, 36): 9.299;
p=0.0006). The average F, rate near the tree base
(0 cm) was 1.24 and 1.31 times greater than the F;
rates at 100 and 250 cm distances from the tree base.
Non-parametric Spearman’s correlation between
the distance from tree base and F; rates showed a
weak negative statistically significant correlation

(p=—0.301; p<0.0001) (Fig. 7d).
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Fig. 6 Effect of the inclusion of surface litter on soil CO, efflux
rates. Bars represent the mean, while the error bars represent the
standard deviation. *p <0.05, **p <0.01, and ns: p>0.05

Effect of tree age (stem girth) and elevation on tree
species F; rates

We tested one dominant/major tree species from the
8 tree-bearing forest types (FT1-FT8) for the impact
of stem girth on F; rates using linear and non-linear
regression models. Only A. nepalensis (FT5) showed
a significant positive linear effect (R?=0.7771;
p=0.048) on F,; (2.25-4.58 pmol m~2 s7') with
increase in tree stem girth (103-300 cm) (Fig. 8).

To observe the impact of elevation on F;, we
selected R. arboreum due to its widest occurrence
range (1710 m at FT3 to 2981 m at FT7). Under both
seasons, the species showed a difference in F; rates
at different elevations (Fig. 9) (Rainy season: F(3, 18),
14.087; p<0.0001 and winter season: Welch’s F(3,
7.5), 33.120; p=0.004). The post hoc tests showed R.
arboreum to have the highest F; rate in mid-temperate
elevations, i.e., FT4 (2109 m) and FT5 (2210 m) under
rainy and winter seasons, respectively (Fig. 9).
Statistical data analyses
The F; rates for both seasons positively correlated
with the average annual maximum and minimum air
temperature, water vapor pressure, and atmospheric
pressure. The F; showed a strong negative correla-
tion with elevation (Supplementary Fig. S4). Inter-
estingly, all the positively correlating variables men-
tioned above showed a strong negative correlation
with elevation. Annual average precipitation, solar
radiation, PAR, slope, and slope aspect did not show
a significant association with F; for either season
(Supplementary Fig. S4).

The F; for the rainy season did not significantly cor-
relate with tree species diversity, richness, and biomass
parameters. In contrast, the F; for the winter season
showed a moderate to strong positive correlation with
species richness (r=0.81, p=0.015) and species diver-
sity (r=0.77, p=0.024) (Supplementary Figure S2).
Furthermore, the winter season F rates did not cor-
relate with any soil parameter. In contrast, the rainy sea-
son F; rate showed a strong negative correlation with
soil moisture (r=—0.85, p=0.007), SOC (r=-0.73,
p=0.039), TKN (r=—0.76, p=0.029), and DHA activ-
ity (r=-0.75, p=0.03). The soil pH positively corre-
lated with the rainy reason F; rate (r=0.78, p=0.023)
(Supplementary Figure S3).
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The dimension reduction PCA for both seasons
had the first four principal components (PCs) with
eigenvalues > 1. The first four PCs explained 91.12%
and 89.37% of the total variance for rainy and winter
season data, respectively (Supplementary Table S6).
The PCA biplot (Fig. 10) is illustrated for PC1 and
PC2 since these two PCs explained the highest vari-
ance under both seasons.

PCA biplot for both seasons (Fig. 10) indicated
a clear ordination of sites along PC1. The tropical
and sub-tropical forests were in the positive space of
PC1, while the temperate—alpine forest types in the
negative space. For PC2, the forest types FT1, FT4,
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FT5, FT6, and FT7 were present in the positive space
for the rainy season, while only FT1, FT5, and FT6
were for the winter season. A three-dimensional (3D)
representation of the site score plot (Supplementary
Fig. S5) under both seasons and the loading correla-
tions (Supplementary Table S7) was used to visualize
the ordination of sites on the principal axes.

During the rainy season, soil temperature, atmos-
pheric temperature variables, water vapor pres-
sure, and atmospheric pressure positively influence
the variable loadings on PCI1. In contrast, elevation
and soil properties show a negative influence. This
trend is also similar in the winter season. The PC2,
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Fig. 8 Simple linear regression between the tree’s circumference
and the corresponding F; rate for Alnus nepalensis (site 5). The
regression line is indicated in blue, the observations are indicated
by blue dots, the red-dotted lines mark the extent of the confi-
dence interval (95%), and the area under it is in a blue shade

however, had different trends in both seasons. In the
rainy season, precipitation, soil electrical conductiv-
ity (EC), and total biomass density (TBD) were major
influencing variables. In the winter season, the influ-
encing variables were primarily tree species richness,
species diversity, TBD, and EC. The 3D scatter plot
(Supplementary Fig. S5) also indicates that FT1 and
FT2 ordinate on the right corners, while FT7 and FT8
are on the left. The remaining sites were grouped
roughly in the center of the PCA plot.
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Fig. 9 Trends in F; rates for Rhododendron arboreum under
different elevations. a For the rainy season and b for the win-
ter season. Error bars represent standard deviation. *p <0.05,
**p<0.01, ##**p <0.0001, and ns: p>0.05

Discussion
Variation in F;; rates under different forest types

The vegetation composition and density influenced
the F; rates of the forest types, as indicated by the
positive correlation of F; with Margalef’s richness
index (MR), Shannon—-Wiener diversity index (H'),
and the total biomass density (TBD) (Supplemen-
tary Table S7). The selected forest types had different
vegetational compositions (Kaushal et al., 2021). The
vegetation impacts the F; rates through root respi-
ration, soil microclimate, quality, and the quantity of
litter input (detritus) (Raich & Tufekciogul, 2000).
Hence, we believe the vegetation contributed differ-
entially to these aspects, causing variable F; rates
under different forest types.

The reduced density and diversity of herbs and
shrubs during the winter months, with only a few
selective evergreen perennials surviving the harsh
cold and drier winters, could explain the positive
association of MR and H" with F; in this season.
The preponderance of herbaceous vegetation during
the rainy season could have masked the impact of tree
layer on F; rates. Seasonal pattern of herbaceous
density is evident in the Himalayas (Joshi et al., 2012;
Shameem et al., 2010) and was visually recognizable
in the major forest types studied (Fig. 2e, f, h, 1, k,
and 1). So, in addition to the tree species composition
and diversity, the forest floor vegetation also impacts
the F; rates in these major forest types of Central
Himalayas on a seasonal basis.

The coniferous- and broadleaf dominant forest
types, as well as the tropical, sub-tropical, temper-
ate, sub-alpine, and alpine forest types, did not exhibit
any F; patterns in common (Fig. 4). Although these
trends are prevalent globally (Raich & Tufekciogul,
2000; Yan et al., 2014) and regionally (Joshi, 1994;
Kumar et al., 2023; Tewary et al., 1982), the upper
temperate to alpine forest types (FT7-FT9) had com-
paratively lower F; rates than the other forest types
(Supplementary Table S1). As the forest types are
along an elevational gradient (Table 1), they have dif-
ferential climate and edaphic structures, which could
have masked variation due to the forest types. Earlier
studies in the region (Joshi et al., 1991; Tewary et al.,
1982) were conducted with smaller elevational gra-
dients or a single climate zone, therefore, could elu-
cidate forest-type differences. Given this, Raich and
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Fig. 10 PCA biplots indicating PCA scores and loadings for a rainy season and b winter season. Numerals 1 to 8 represent forest-

type PCA score convex hulls

Potter (1995) could also not ascertain the global dif-
ferential impact of vegetation types on F'

soil*

Temporal variation (seasonal) of F; rates among
different forest types and tree species

Despite having higher F; rates during the rainy sea-
son, three tree species, viz., Adina cordifolia (Roxb.)
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Brandis (FT1), Syzygium cumini (L.) Skeels (FT1),
and Quercus leucotrichophora (FT5), did not exhibit
significant seasonal variation (Fig. 5) owing to con-
siderable within-season data variance, which masked
the between-season variation. Our Fg; rates were
marginally higher than those reported for similar for-
est types or tree species (Table 2). Interestingly, our
results were more comparable to the studies which
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used the IRGA-based technique, while those using
the alkali-absorption or soda-lime method had notice-
ably lower values. The IRGA approach is the most
sensitive for instantaneous in situ F;; measurements
and yields higher results than the soda lime method
(Pongracic et al., 1997).

The alkali absorption method is known to over or
under-estimate the F; rates for spatially heteroge-
neous environments (King & Harrison, 2002). The
IRGA-based systems are sensitive in capturing the
seasonal F; variation in forest ecosystems (Ferreira
et al., 2018). Thus, a comparison with previous esti-
mates (Table 2) deploying chemical absorption sys-
tems would be irrational.

Since the objectives of this study were to capture
the variations in F; on account of spatial, temporal,
and vegetational features, the use of a chamber-based
system was the most appropriate. However, one of
the issues of spatial heterogeneity faced by us for
the forest-type soil CO, efflux comparisons could
be overcome with the eddy covariance technique.
Although, a major drawback of this method is that
there should be a complete absence of any CO,
source or sink element between the soil and eddy
flux sensors (Vermue et al., 2008). If this assump-
tion is not met, then the night-time flux estimates
will reflect ecosystem level respiration (soil and auto-
trophic components), as during the daytime, there is a
complex interplay of soil respiration, autotrophic res-
piration, and photosynthesis (Renchon et al., 2021).
Regionally, studies incorporating the eddy covariance
technique in forest ecosystems used an IRGA-based
chamber for determining the rates of soil respiration
(Sarma et al., 2022; Singh et al., 2019). In other stud-
ies, computing the net ecosystem exchange (NEE)
in forest ecosystems determined the total ecosystem
respiration and did not represent its constituent ele-
ments, i.e., soil respiration and autotrophic respira-
tion (Gnanamoorthy et al., 2020; Rodda et al., 2021).
Therefore, for NEE studies, we compared our results
only with those which used IRGA-based soil CO,
flux chambers for F; determination.

Temperature and soil moisture (regulated through
precipitation) are key regulators of the global
F,;; rates (Phillips & Nickerson, 2015; Raich &
Potter, 1995; Singh & Gupta, 1977). Microbial activ-
ity and organic matter decomposition are positively

influenced by adequate soil temperature and moisture,
which increases the heterotrophic component of res-
piration and, thereby, the F; rates (Singh & Gupta,
1977; Wildung et al., 1975). We found evidence to
support this notion in our results wherein under both
seasons, soil moisture was positively correlated with
soil dehydrogenase enzyme (DHA) activity (Supple-
mentary Fig. S3). The summer and winter seasons
had near similar F; rates with the maxima during
the rainy season (Fig. 4). Rainy season had 2.8 to
2.2 times greater soil moisture than the summer and
winter seasons, respectively. Soil temperature in the
rainy season varied insignificantly from the summer,
although it had a 2.4 times higher value than the win-
ter. Therefore, maximum F; during the rainy season
is due to the elevated soil moisture and warmer tem-
perature. If temperature acted alone, the summer and
rainy seasons would have similar F;, results.

Rainy season F|;; maxima could also be due to the
increased density of fine root biomass. Regionally, pre-
vious studies have established the prominence of fine
root biomass and necromass in Q. leucotrichophora—,
A. nepalensis—, and P. roxburghii-dominant for-
est types during the rainy and least during the winter
season (Joshi & Garkoti, 2021; Usman et al., 1999).
Strong positive statistically significant association
between root respiration and fine root biomass is well
established globally and regionally (Dilustro et al.,
2005; Joshi, 1994; Lee & Jose, 2003). Therefore, the
enhanced root biomass and herbaceous growth during
the rainy season explain the biotic component behind
the rainy season F;, maxima.

Other factors associated with the rainy season,
such as the prominence of earthworms and soil mac-
rofauna, could also contribute to the higher F; rates
(Schulze, 1967). Rainy season F; maxima also indi-
cate that forest types do not suffer from deficient soil
O, diffusion due to waterlogging (Davidson et al.,
1998). Birch effect (Jarvis et al., 2007) also did not
attribute to the F;; maxima since the rainy season
in the Central Himalayas gradually deposits 65-75%
of the total annual rainfall, making it a warm and
wet period (Singh & Singh, 1987). Temperature and
moisture, combined with several seasonally regulated
biotic and abiotic environmental factors, therefore,
regulate the temporal variation in the F rates for
these major forest types of Central Himalayas.
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Table 2 A comparative account of F;

| rates for similar forest types or tree species as our study

Forest type/tree SpeciesReference

Location

F,; rate (umol CO, m~2s~!) Method

Tropical to sub-tropical moist deciduous forests (dipterocarp dominant)

Mixed dipterocarp forest®

Dry deciduous forest®

Tropical moist forests’

Tropical deciduous sal mixed forest’
Sub-tropical pine— (Pinus spp.) dominant forest

Mixed pine forest"

70-year-old Pinus densiflora forest

Pinus kesiya—dominant forest?

Non-degraded pine forest*

Undisturbed P. roxburghii forest!

P. roxburghii-dominant forest™

Deciduous P. roxburghii forest"

95-year-old P. roxburghii plantation forest®
Moist temperate forest with dominance of Oak (Quercus spp.)

Temperate broadleaf (Quercus lanata and Q. griffithi
dominant)4

Upland oak forest"

Oak-hickory forest®

Quercus semecarpifolia tree specific”

Q. leucotrichophora—dominant forest'

Q. leucotrichophora mixed forest"

Q. leucotrichophora— and Q. floribunda—dominant forests™
Q. leucotrichophora—dominant forest'

Q. leucotrichophora tree specific’

Moist temperate deciduous forest and temperate coniferous forest

Temperate coniferous forest

Temperate deciduous forest

Old-growth conifer (Agathis australis) forest”

R. arboreum forest*

R. arboreum tree specific”

P. wallichiana—dominant forest’

C. deodara—dominant forest™

C. deodara—dominant forest!

C. deodara—dominant forest'

A. indica tree specific’

R. arboreum tree specific”

C. deodara tree specific’

P. wallichiana tree specific’
Sub-alpine fir forest and alpine scrub

Alpine Grassland”

Tundral

Abies pindrow—dominant forest”

Alpine herbaceous meadow™

China

Costa Rica

Global

Uttar Pradesh, India

Southeastern, USA
Korea

Meghalaya, India
Uttarakhand, India
Uttarakhand, India
Uttarakhand, India
Uttarakhand, India
Uttarakhand, India

Bhutan

Tennessee, USA
Missouri, USA
Bhutan
Uttarakhand, India
Uttarakhand, India
Uttarakhand, India
Uttarakhand, India
Uttarakhand, India

Global

Global

New Zealand
Nepal

Bhutan

Jammu and Kashmir, India
Uttarakhand, India
Uttarakhand, India
Uttarakhand, India
Uttarakhand, India
Uttarakhand, India
Uttarakhand, India
Uttarakhand, India

Swiss Alps

Global

Jammu and Kashmir, India
Uttarakhand, India

4-8
2.35
3.33+0.15
5.03+0.45

0.78-6.99
0.13-6.49
Around 0.32-1.26
1.23-1.20
1.22-0.24

Around 0.32-1.26
12-15

1.09-5.81

42+0.7

0.8-5.7
4.43+1.48
79+13

1.21

1.58-17.60
Around 0.32-2.29
0.39-2.27

7.41

1.80+0.25
1.71+0.13
0.7-9.9
1.78
5.6+0.8
1.15-4.08
Around 0.32-1.89
0.36-1.78
0.88

25.29

8.59

17.37
15.62

1.7-5.3
0.16+0.02
0.80-2.70
3.37+0.21
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Table 2 Continued

Reference

Forest type/tree species Location F; rate (pmol CO, m~2s™") Method
Alpine Sedge meadow™® Uttarakhand, India 2.44+0.12 c
A. pindrow tree specific” Uttarakhand, India 23.11 c

Method: “alkali-absorption technique; ®soda-lime technique; “infrared gas analyzer (IRGA)-based chamber method; not specified

References: Zhao et al., 2021; "Mishra et al., 2020; &Schulze, 1967; "Dilustro et al., 2005; ‘Noh et al., 2010; 'Raich and Schlesinger,
1992; XJina et al., 2008; Joshi et al., 1991; ™Joshi, 1994; "Singh et al., 2019; °Sivaranjani and Panwar, 2021; PKumar and Ramakrishnan,
1985; YWangdi et al., 2017; "Hanson et al., 1993; *Ponder, 2005; Tewary et al., 1982; "Kumar et al., 2020; 'Rawat et al., 2021; “Nirola,
2016; *Dhital et al., 2022; YSundarapandian and Dar, 2013; “Grand et al., 2016; **Tiwari et al., 2021

Impact of surface litter, distance from tree base, and
age class of trees on F; rates

We conducted these analyses in the winter season to
primarily collect tree-specific (i.e., autotrophic com-
ponent of soil CO, efflux) respiration and minimize
the disproportionate impact of the heterotrophic
component. During winters, the microbial activity is
subdued due to temperature and moisture limitations.
Moreover, the roots (autotrophic component) contrib-
ute an estimated 50% or more to the total F; in Cen-
tral Himalayas (Joshi, 1994; Joshi et al., 1991; Singh
& Gupta, 1977).

Surface litter inclusion only had a positive effect
on tropical (FT1) and sub-tropical (FT3) forest types
(Supplementary Table S4), with the surface litter
making up about 19% of the total F rate (Fig. 6).
Our findings were similar to the sub-tropical Himala-
yan pine forest, where the litter layer contributed 22%
to the total soil CO, efflux (Joshi et al., 1991). How-
ever, the temperate sites (FT4-FT7) had a reverse
trend with no contribution (Fig. 6) from surface lit-
ter inclusion. Negative surface litter impact was also
observed in Central European temperate deciduous
forests where low temperature and high precipita-
tion hindered the decomposition activity, thereby
reducing litter-based CO, efflux (Fekete et al., 2014).
Therefore, poor litter decomposition due to subdued
microbial activity in the winter season resulted in a
negative trend in our temperate elevation forest types.
Higher winter temperatures (12—14 °C) in the lower
elevations than the temperate sites (4—7 °C) led to
greater microbial activity and subsequent surface lit-
ter impact. Our findings are consistent with the Cen-
tral Himalayan pattern, where Singh and Singh (1987)
showed that tropical sal forest (like FT1) exhibited
faster litter decomposition rates than the sub-tropical

pine forest (like FT3) due to warmer temperatures
and intense microarthropod activity.

Even with poor litter respiration, the with-litter
F; for temperate forests should resemble the with-
out-litter layer and not show lower results compara-
tively (Fig. 6). We hypothesize that slowly decom-
posing litter creates an accumulation layer on the soil
surface that maintains the soil microclimate, reduces
aeration, and serves as a diffusion barrier for soil
gases (Walkiewicz et al., 2021). Therefore, removing
the litter fraction altered these conditions, increas-
ing the without-litter F; rates. The anthropogenic
removal of forest floor litter could thus have a detri-
mental impact in the form of increased F; rates in
temperate regions. Lower litter respiration in the tem-
perate regions could also be due to smaller measure-
ment time by the IRGA method compared to the 24-h
alkali-trap incubation method by the previous studies
(Joshi et al., 1991).

For spatial variability (Fig. 7c), only 15% of the tree
species investigated showed statistical significance
(Supplementary Table S5; Fig. 7). The non-significance
for most species was due to larger within-group varia-
tion, which masked the variation between the groups
(distances from the tree base). Reduction in F; rates
with increasing distance from the tree base was seen
elsewhere, with root biomass as the primary cause for
this trend (Lee, 2018; Schwendenmann & Macinnis-
Ng, 2016). Globally, the top 40 cm of the soil surface
has 75% of the root biomass (Jackson et al., 1996) and
up to 90% in the Central Himalayas (Usman et al.,
1999). Since our study sites had a significant slope
gradient (Table 1), increasing the distance from the
tree base might increase the soil surface and horizon-
tal root zone depth, thereby reducing F. ;. Moreover,
greater nutrient concentrations caused by stemflow and
throughfall (up to 46% in the Himalayas) localize near
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the stem base which could have enhanced the F;
this zone (Singh & Singh, 1987).

Only A. nepalensis, out of the nine tree species
investigated, showed a significant positive linear
effect of stem diameter (the corollary of age class)
on F rates (Fig. 8). Different studies have found
varying effects of age on F; rates, including positive
(Ewel et al., 1987), seasonal (Schurman & Thomas,
2021), and no influence (Wang et al., 2011). The
increased root biomass and associated litter inputs,
which enhance the autotrophic and heterotrophic
components of respiration, are primarily responsi-
ble for the positive effect (Bréchet et al., 2011; Ewel
et al., 1987; Karki et al., 2021). Since our forest types
are natural primary forests with adequate species
diversity (Kaushal et al., 2021), we could not cap-
ture the spatial variation in F;. The random pres-
ence of trees in different girth classes increased the
topographic heterogeneity of surrounding vegetation,
unlike a plantation with even-aged trees, where the
spatial impact is more evident (Ewel et al., 1987).
Variable girth classes also impact the edaphic prop-
erties and cause microclimatic differences, thereby
increasing the background noise and diluting the
impact of stem girth on F; rates. The lateral spread
of roots and associated CO, efflux for large trees
would also not show directly near the base. Further
complexities, like the xylary CO, efflux of root res-
piration from the above-ground parts (Bloemen et al.,
2014), reduce the rhizosphere component’s impact
on F ;. Therefore, further research into this aspect is
needed to elucidate the driving mechanisms behind
the influence of tree size in the Himalayan forests.

| in

Impact of elevation, climatic, and edaphic

properties on F,; rates along with temperature
sensitivity of F;
Mean annual maximum and minimum temperature,
water vapor pressure, atmospheric pressure, soil tem-
perature, soil moisture, soil organic carbon content,
soil Kjeldahl nitrogen, and soil dehydrogenase enzyme
activity strongly correlated with elevation (Supple-
mentary figures S3 and S4). Moreover, F; is also
strongly correlated with elevation; hence, this creates
the situation of multicollinearity among the variables,
due to which elevation is subduing the true impact of
climatic and edaphic variables on F;. In the event of

@ Springer

multicollinearity, the true relative contribution of the
independent variables is difficult to assess (Blalock,
1963). Therefore, comparing our trends with global or
regional patterns would be inappropriate.

Smaller vector angles between elevation and soil
parameters in the PCA biplot confirm the positive
association, and the opposite direction of elevation
and climate-associated vectors illustrate their negative
association (Fig. 10). Higher elevations being richer in
organic carbon, nitrogen, active microbial activity, and
soil moisture have reduced F; rates primarily due to
lower soil temperature. Similar trends were observed
in the Italian Alps, where the F; rates were regulated
by temperature (Badraghi et al., 2021). All the forest
types were ordinated along PC1 for both seasons in
the order of their elevational gradient (Fig. 10). Soil
and the atmospheric temperature had one of the high-
est positive loading correlations with PC1 in both
seasons (Supplementary Table S7). Temperature and
elevation are, therefore, the chief regulators for F;
for major forest types of Central Himalayas along ele-
vational gradients. Soil moisture, edaphic, and other
climatic factors also influence F;; however, temper-
ature is the limiting factor. The alpine regions being
rich in soil nutrients, active microbial activity, and soil
moisture, should have optimum F;, but are limited
by lower soil temperature.

With an increase in elevation, the atmospheric
pressure decreases. Moreover, higher elevations being
colder result in more condensation and a reduction
of water vapor pressure (Korner, 2007). Therefore,
high-elevation forest types had lower atmospheric
and water vapor pressure than tropical forest types.
Greater pressure is associated with reduced F; rates
(Davidson et al., 2002; Lund et al., 1999); however,
the high atmospheric pressure associated with tropi-
cal forests had the highest F; rates while the low-
est in the low-pressure alpine region. In our opinion,
the impact of temperature and moisture is far greater
along the elevation in regulating the F; rates. There-
fore, the atmospheric pressure is not causing any
significant influence. Moreover, the multicollinear-
ity also hinders the impact in deciphering the asso-
ciations as discussed earlier. For determining the true
impact of climatic constrains such as atmospheric and
water vapor pressure within the site, analyses must be
conducted modulating the pressure conditions.

We also selected light-associated climatic variables,
viz., solar radiation and PAR, since these components
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are known to regulate the local microclimate, particu-
larly soil temperature and moisture (Chen et al., 1993),
which have been discussed to be critical in influencing
the F; rates. Our results corresponded with those of
the temperate deciduous forest of the UK where Fenn
et al. (2010) found total F; to have no association
with solar radiations. Since the studied forest types
have medium to high canopy density, other climatic
parameters such as temperature were more strongly
influencing F;. Being a mountainous region, even
the slope aspects also influence the intensity of solar
radiations (Singh & Singh, 1987), which could have
led to uneven solar radiations influence. Fenn et al.
(2010) also attributed the masking influence of soil
temperature to the impact of solar radiation on F,

soil*
Like solar radiation, PAR did not associate with F;
in our study. Although, Mitra et al. (2019) showed
PAR as the chief regulator of diurnal variations in R
by regulating photosynthesis and rhizosphere activ-
ity, however, they reported a 1-to-3-h delay in the
response of PAR and F; in their continuous diurnal
study. Since our estimates were instantaneous there-
fore, we did not capture any trend.

Due to its widespread prevalence along the eleva-
tional gradient, R. arboreum was chosen to study the
specie-specific elevation effect on F; rates (Fig. 9).
Lower F; rates in the highest and lowest elevations
for this species were due to lower soil and atmos-
pheric temperatures in upper temperate FT7 and
reduced canopy density in sub-tropical FT3 (Kaushal
et al., 2021). Reduced canopy density increases the
influx of solar radiations and wind, creating a local-
ized microclimate of increased soil temperature but
limiting soil moisture (Badraghi et al., 2021), causing
F; reduction.

The absence of any significant association between
edaphic properties and F,; rates during winter
reflects the independence of autotrophic R, compo-
nents towards seasonal soil properties. Maximum F;
contribution during winter is due to the autotrophic
component (Joshi et al., 1991). Roots also supplement
exudates to the microorganisms associated with the
rhizosphere region (rhizosphere priming) (Canarini
et al., 2019), thereby reducing the impact of bulk soil
properties on F, ;. Among soil properties, for all the
forest types, our pH range (4.2-6.8) was above the
threshold (pH < 3) to cause pH-associated F; reduc-
tion (Luo & Zhou, 2006). The Italian Alps (Badraghi

et al., 2021) and the Central Himalayan forests (Joshi,

1994; Joshi et al., 1991; Rawat et al., 2021) showed
a positive association of F; with soil pH. The SOC
and nitrogen serve as energy and protein sources for
the soil microorganisms (Tewary et al., 1982), and
positive interaction between these elements and F.;
is therefore posited (Bargali et al., 1992). However,
we obtained a negative correlation due to the mul-
ticollinearity of edaphic properties and F, with
elevation (Supplementary Fig. S3a). The upper tem-
perate and sub-alpine forest types although having
higher concentration of organic carbon and nitrogen
show lower F; rates on account of lower tempera-
ture which acts as a limiting factor. (Supplementary
Fig. S3a). Previous investigations have demonstrated
a positive association of soil phosphorous and potas-
sium with F; rates (Bargali et al., 1992). Our study
did not observe this association indicating that phos-
phorous and potassium levels varied along the eleva-
tional gradient in these major forest types.

After removing the outliers, the average Q,, for
forest types and tree species was approximately 2.30,
which aligns with the global median of 2.40 (Raich
& Schlesinger, 1992). The Q,, for F is generally
around two as it is a biochemical process (Singh &
Gupta, 1977). In our investigation, the F; Q,, val-
ues for the sub-tropical pine—dominant forest (FT3,
Qo 11.80) and the alpine scrub forest (FT9, Q,
9.08) were exorbitantly high. This is primarily due
to the reduced vertical forest profile. Alpine meadow
(FT9) has no trees or large shrubs; only the pros-
trate to decumbent shrubs R. anthopogon and Rho-
dodendron lepidotum Wall. Ex G.Don defines the
microclimate (Rai et al., 2012). Sub-tropical FT3
had the lowest stem density among all the sites with
tree growth from (sites 1-8) (Kaushal et al., 2021).
Therefore, greater daytime solar radiations and sur-
face warming, cooler night-time surface tempera-
tures due to radiative loss (less canopy blanketing),
and even stronger wind force (influencing moisture)
all lead to larger variations in the temperature and
moisture patterns (Rambo & North, 2009). The Q,,
also showed a negative correlation (non-significant)
with stand density (r,—0.65). Furthermore, at FT9,
the Q,, outside the under-canopy zone of R. anthopo-
gon shrubs was 9.08, while that under the shrubs was
4.67. Similarly, the Q,, for pine-dominant (FT3) for-
est was 11.80, which was higher than A. nepalensis
(Qyp, 6.11) but nearly identical to P. roxburghii (Q,
11.94) and R. arboreum (Q,, 12.25). This is because
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A. nepalensis forms a much denser canopy and dense
understory vegetation growth, while P. roxburghii has
an open sparse canopy, and R. arboreum was a scarce
understory tree species. Italian Alps (Badraghi et al.,
2021) also showed a similar trend where tree height
and closeness of canopy modulated the Q,,. Though
comparing the Q;, values with global studies seems
direct, however, due to the use of different models in
the Q,, computation, the comparison of the Q,, val-
ues becomes irrational (Fang & Moncrieff, 2001).

Conclusion

The major forest types chosen demonstrated vary-
ing F,; rates along the elevational range, which
were directly influenced by the species richness and
diversity of these forest types. In addition, the stand
density of the tree species was also critical since it
influences the F; through microclimate regulation.
Although no specific pattern existed between the
forest types studied, the high-elevation sub-alpine
and alpine scrub types had an overall reduced F
rate primarily because of lower soil and atmospheric
temperatures. The temporal variation had a uniform
impact along the elevational gradient, where the rainy
season showed higher F rates among the forest
types and under individual tree species. This trend
was primarily regulated by soil moisture and temper-
ature, and neither of these abiotic components alone
can lead to higher F; rates. Apart from the abiotic
climatic influence, the biotic influence of increased
herbaceous/ground vegetation during the rainy season
was a probable factor behind this rainy season’s F;
maxima. The presence of surface litter significantly
impacts total F; rates. It enhances the total soil CO,
efflux through the contribution from litter decom-
position and acts as a barrier layer in cold temperate
regions, reducing the overall soil CO, efflux.
Spatially, maximum F; rates were observed near
the tree base, which reduces with increasing distance
from the base. The age of the trees did not show a
clear pattern across the elevational range. Therefore,
for tree-associated spatial F rates further, valida-
tion is required. We believe that segregation of the
two R, components and the corrections for xylary
CO, efflux would help decipher the spatial het-
erogeneity. Soil properties were either negatively
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associated or did not show any association with the
F; rates. This is primarily because elevation influ-
enced (multicollinearity) soil properties through the
abiotic climate variables (temperature and moisture).
Very high Q,, values for the alpine scrub and less
dense sub-tropical pine forest indicate the tempera-
ture sensitivity of these forests. Therefore, these
regions will suffer the strongest impact from climate
change-associated warming and can be selected as
indicators of climate change impact.

Although the forest types are legally present in
protected areas, anthropogenic disturbance is evi-
dent (Kaushal et al., 2021). Afforestation of for-
est types having poor stem density is recommended;
such an initiative will enhance the biodiversity and
carbon stocks, modulate the region’s microclimate,
and regulate the F; rates. Afforestation plans
must preserve the original vegetational composi-
tion of the forest types and not alter it significantly.
Exotic or commercially important species (e.g.,
teak, eucalyptus, pine.) must be avoided to prevent
a detrimental impact on F rates. Clearing the
forest floor litter for anthropogenic use or through
human-induced forest fires is disadvantageous and
must be checked. It not only disrupts the nutrient
dynamics but also could lead to higher total CO,
efflux, as shown by our study. Due to their highest
temperature sensitivity, the alpine regions must be
stringently monitored for disturbance events such
as overgrazing or extraction of alpine shrubs. The
conservation of these alpine shrubs is crucial since
they are the only major vertical component regulat-
ing the microclimate of this region.

Through our research, we were able to identify cer-
tain trends and patterns. Subsequent research, particu-
larly which segregates the components of F; and then
investigates the impact of vegetation, edaphic, climatic,
and other environmental factors, will help to elucidate

the mechanisms that control F; in the Himalayas.
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