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Abstract

Soil CO; efflux was measured in uninvaded (Ul; Lantana cover absent) and Lantana-invaded (LI; Lantana
cover > 50%) sites in tropical forests of Central India. Significantly (P < 0.05) higher mean monthly CO,
efflux was recorded in LI (396.6 + 42.8 mg CO, m? h™) than Ul (342.1 + 37.6 mg CO, m? h) sites and
ranged from 157.6 - 736.7 mg CO, m? h™ in LI and 125.8 - 614.5 mg CO, m? h™ in Ul sites in January and
August respectively. The efflux peaked during the rainy season (mean 553.5 CO, m? h™) followed by summer
(377.1 mg CO, m? h™) and the lowest in winter (259.2 mg CO, m™? h™%) season in LI sites. Significantly (P <
0.05) lower soil temperature (Ts) and higher soil moisture (Ms) content were observed in LI sites, whereas the
higher Ts and lower Ms were found in Ul sites. The cumulative annual soil CO, efflux was 4105.3 and 4759.2
mg CO, m? h™ for Ul and LI sites respectively. Soil CO, efflux was significantly positively correlated with
Lantana density (r=0.76), Lantana basal area (r = 0.79), standing crop litter (r = 0.92), Ts (r = 0.49), Ms (r =
0.59), SOC stock (r = 0.66), pH (r = 0.56) and with mean annual precipitation (MAP) (r = 0.94). The present
study concludes that plant invasions could alter the CO, efflux in tropical forests, which would lead to changes
in both atmospheric and soil C. Therefore, a proper management strategy and long-term monitoring are
necessary to contain Lantana’s expansion and its impacts.
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1 Introduction

Soil respiration, also known as soil carbon dioxide (CO;) efflux, is a major pathway of CO, release to the
atmosphere from organic matter decomposition (Schlesinger and Andrews, 2000). It is a vital functional
process in terrestrial carbon (C) cycling that releases about 80-98 Pg C every year (Raich et al., 2002;
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Bilandzija et al., 2016; Zhao et al., 2017). Soil respiration occurs in two ways: auto and heterotrophic (Pandey
and Singh, 2018). It constitutes the totality of all soil metabolic processes (Yang and Wang, 2006).

Several factors of both abiotic as well as biotic such as soil temperature (Ts), soil moisture (Ms), plant
photosynthetic activity, soil organismal activity, organic matter (SOM), soil organic carbon (SOC), etc.
influence soil CO, efflux (Meena et al., 2020). Among all these, Ts is a critical factor that rises with global
warming and affects soil respiration rates (Prasad and Baishya, 2019). However, soil respiration is also
dependent on Ms, in particular, in dry forest soils (Li et al., 2017). The interacting effects of these two major
factors, together with the other above-said factors on soil CO, efflux is still uncertain.

Biological invasion is the second major driver of global change (Drake et al., 2003; Zhang and Chen, 2011;
Sardans et al., 2017). Invasive species such as Lantana could significantly impact soil CO, efflux by causing
changes in net primary productivity, substrate quality and quantity, microclimatic conditions, root biomass and
microbial populations. The effect of plant invasions on soil CO, efflux has been found to be mixed (positive,
negative and negligible) owing to variation in site conditions and different factors (Fang and Moncrieff, 2001;
Metcalfe et al., 2011). A slight difference in soil respiration as a result of plant invasion can affect both the
SOC stock as well as the atmospheric CO, concentration (Lone et al., 2019).

Of the total forest cover in India, 39.3% of it is covered by tropical dry deciduous forests (ISFR, 2021). The
state Madhya Pradesh, located in Central India has the largest forest cover of the country and tropical dry
forests comprise roughly about 83% of the state’s forest cover (ISFR, 2021). Lantana camara (hereafter
Lantana) is a highly invasive plant with 650 varieties and occurs in over 60 countries (Lui, 2011; Global
Invasive Species Database, 2020). It covers over 13 million hectares and threatens 44% of the forest cover in
India, and has invaded almost all the dry deciduous forests of India (Sharma et al., 2005; Sharma and
Raghubanshi, 2006; Goyal et al., 2018; Mungi et al., 2020). However, the impacts of Lantana on the soil CO,
efflux in tropical dry deciduous forests are seldom quantified. To fill this gap, this study has been undertaken:
(1) to investigate the impact of Lantana invasion on soil CO, efflux in three tropical dry deciduous forest types,
and (2) to know the relationship between soil respiration with other environmental variables.

2 Study area and Methodology

2.1 Study area

The present research was conducted in three forest study sites in Sagar, Madhya Pradesh, Central India (21°
17’ — 26° 52' N and 78° 08’ — 82° 49’ E; Table 1; Fig. 1). The study area is located in north-central Madhya
Pradesh and surrounded by Vindhyachal mountain range. According to Champion and Seth’s (1968)
classification, the forest in the study region belongs to group 4b. A subtropical climate with hot summer from
March to mid-June, followed by rainy season from mid-June to September and cool winter from October to
February prevails in the area. The mean annual minimum and maximum temperatures in the area are 11.6 and
40.7°C, whereas the mean annual rainfall is 1197.6 mm. Clay to sandy loam comprise the soil of the study area
which is dominated by tropical dry deciduous forests. Butea monosperma, Diospyros melanoxylon,
Lagerstroemia parviflora and Tectona grandis are the most prevalent species in this forest which has now
been invaded by Lantana (Dar et al., 2019).
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Fig. 1 Study area.

Table 1 Study site characteristics of uninvaded (Ul) and Lantana-invaded (L) sites of tropical dry deciduous forest of Sagar,

Madhya Pradesh.
Uninvaded (Ul) Lantana-invaded (L)

Parameter

Site-1 Site-11 Site-111 Site-1 Site-11 Site-111
Latitude (°) 23.46-23.47 23.19-23.20 24.39-2439 23.46-23.47 23.19-23.20 24.39-24.39
Longitude (°) 78.77 - 718.78 79.03-9.04 79.23-79.23 78.77-78.78 79.03-79.04 79.23-79.23
Altitude (m) 536 - 568 428 - 476 386 - 397 535 - 588 435 - 460 378 - 393
No. of plots 10 10 10 10 10 10
Tree density (no. ha®) 528 443 400 343 354 300
Tree basal area (m?ha™) 225 18.2 18.3 15.2 12.3 16.5
Mean tree DBH 20.96 19.8 22.2 21.4 19.3 233
Max. tree DBH 128.2 1135 75.1 71.8 57.5 124.8
Bulk density g cm

1.06 112 1.17 0.89 0.98 11

(0-10cm)

2.2 Field sampling and measurements of soil CO, efflux
Three study sites were chosen after a reconnaissance survey and each site was divided into uninvaded (Ul;
Lantana cover absent) and Lantana-invaded (LI; Lantana cover >50%) subsites. Soil respiration was measured
by alkali absorption method using plastic jars with 30 cm height and 15 cm diameter (Gupta and Singh, 1977).
These jars {5 control (airtight) and 5 experimental (open-ended)} were inserted into the ground surface up to a
soil depth of 5 cm for 24 h (to avoid diurnal variations) in each subsite. The understorey vegetation is clipped
prior to insertion of the jars into soil. A 100 ml beaker was held 2.5 cm above the ground with 20 ml of 0.25 N
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NaOH to collect the evolved CO,. The amount of CO, was estimated by following Harris and van Bavel (1957)
and Dar et al. (2015). The evolved CO; was calculated following Anderson and Ingram (1993):

mg CO, =V x Nx 22
Soil parameters such as Ts and Ms were measured adjacent to each CO, efflux beaker. Ts was measured next
to the soil CO, efflux beaker using a digital soil thermometer (at 0 - 10 cm depth). Soil samples were taken
next to the soil CO, efflux beaker to estimate Mg (at O - 10 cm depth). The soil samples were dried in a hot-
oven (107 £ 5 °C) and Ms was estimated by gravimetric method. The soil total nitrogen and SOC were
estimated following Kirk (1950) and Walkley and Black (1934). The pH of the soil was measured with the
help of a digital pH meter. For each forest, triplicate samples were tested (30 per subsite).
2.3 Statistical analyses
Statistical analyses in soil CO, flux in different months and seasons of the year were done by analysis of
variance (one-way ANOVA). Tukey’s HSD test (P < 0.05) was used to test differences in means. Linear
correlations were performed to understand how Lantana cover is related to soil and vegetation parameters. All
the statistical analyses were done using the SPSS 20.0 (2012).

3 Results

3.1 Impact of Lantana on monthly and seasonal variations in soil CO; efflux

Soil respiration varied significantly between and within the sites (P < 0.05). The monthly soil CO; efflux
ranged from 125.8 mg CO, m? h™ in January in Site-111 to 614.5 mg CO, m? h™ in August in Site-1, with an
average value of 342.1 + 37.6 mg CO, m™? h™ among Ul sites. The monthly soil respiration ranged from 157.6
mg CO, m? h™ in January in Site-11l to 736.7 mg CO, m? h™ in August in Site-I, with an average value of
396.6 + 42.8 mg CO, m? h™ among LI sites. The mean monthly soil respiration values among Ul sites were
365.3, 352 and 309.1 mg CO, m? h™, and among LI sites were 426.1, 403.9 and 359.9 mg CO, m™? h™' in Sites
I, Il and 111 respectively (Table 2).

A strong seasonal pattern of soil respiration was observed in all the three study sites (Table 3). The soil
respiration peaked during the rainy season (mean 480.0 + 23.5 mg CO, m? h™, range: 438.6 - 519.8 mg CO,
m?2 h in Ul sites; mean 553.5 + 27.8 mg CO, m? h%, range: 506.2 - 602.2 mg CO, m? h™ in LI sites),
followed by summer (mean 328.6 + 15.2 mg CO, m™” h™, range: 300.6 - 352.8 mg CO, m? h™ in Ul sites;
mean 377.1 + 16.6 mg CO, m? h™!, range: 346.7 - 403.6 mg CO, m? h™ in LI sites). The lowest values of soil
CO, efflux were recorded in the winter (mean 217.7 + 16.2 mg CO, m? h™%, range: 187.9 - 243.6 mg CO, m*
h™ in Ul sites; mean 259.2 + 19.8 mg CO, m? h™, range: 226.7 - 295.1 mg CO, m? h™ in LI sites). Site-111 had
the lowest soil respiration in all the seasons for both Ul and LI sites, whereas Site-1 had the highest soil
respiration during rainy and winter seasons. Site-11 had the maximum soil respiration during the summer in
both Ul and LI sites.

3.2 Impact of Lantana on soil temperature (Ts) and soil moisture (Ms)

Significant differences (P < 0.05) were observed in the mean monthly Ts and Ms in both Ul and LI sites
(Tables 4 and 5). The average monthly Ts values were 28.5 £ 1.7°C in Ul sites and 27.9 + 1.7°C in LI sites.
The maximum Ts was recorded in the month of June in Site-l (38.1°C in Ul and 37.3°C in LI), whereas the
minimum Ts was recorded under Site-11 (17.2°C in Ul and 16.7°C in LI) during the month of January.

The average monthly Mg values were 11.4 + 1.3% in Ul sites and 12.4 + 1.5% in LI sites. The maximum
Ms was recorded in the month of August in Site-I1 (24.2% in Ul and 25.4% in LI), whereas the minimum Mg
was recorded under Site-I (4.8% in Ul and 5.5% in LI) during the month of May.

Both Ts and Ms showed a strong seasonal pattern in both Ul and L1 sites (Table 4 and 5). In both Ul and LI
sites, the highest Ts was observed during summer (mean 34.1°C and 33.4°C respectively) followed by rainy
season (mean 29.4°C and 28.8°C respectively) and winter (mean 22°C and 21.4°C respectively). The highest
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Ms was recorded during the rainy season (mean: 17.4% in Ul and 18.5% in LI) followed by winter (mean:
9.7% in Ul and 10.3% in LI) and summer (mean: 7.4% in Ul and 8.2% in LI).

Table 2 Mean soil CO, efflux (mg m? h) in uninvaded (UI) and Lantana-invaded (L1) sites of tropical dry deciduous forest of
Sagar, Madhya Pradesh.

Uninvaded (Ul)

Lantana-invaded (LI)

Parameter
Site-1 Site-11 Site-111 Mean Site-1 Site-11 Site-111 Mean

Sept. 2018  473.4+164%  4148+10.1%* 393.0+19.3%  427.1+11.9 520.8 + 21.3° 471.7+81°  4415+17.1% 478.0 +14.1
Oct. 2018 397.3+6.7° 3352 +5.9° 3234+6.0° 352.0+11.8  4584+16.8°  4043+123°  341.8+13.1° 401.5+18.3
Nov.2018  293.7+24.1%® 276.8+205®°  224.8+6.9° 265.1+ 14.9 353.2+155°  303.9+17.7%  273.4+9.7® 310.2 +13.7
Dec. 2018 2506 +5.8%  242.8+19.9°  1956+4.1°  229.7+105  337.8+14.6°  281.1+125™ 250.2 + 14% 289.7 +14.6
Jan. 2019 1847 +9.8°  1457+142®  1258+35°  152.1+100  219.6+18.1° 195.7 + 6.4 157.6 + 6.0 190.9 +10.9
Feb. 2019 2455+92%  2207+13.1%  2055+28° 223.9+6.4 269.8+4.7°  2428+135"  2257+4.8% 246.1+7.7
Mar. 2019 2976+39°  270.4+23.0%° 2335+56%° 267.2+115  370.8+112° 3267+155"  316.3+84™ 337.9+10.1
Apr.2019  348.8+11.1°  392.2+147*° 317.8+4.4*  3529+121  397.4+11.1% 4218 +25° 365.1+13.8%  394.8+10.2
May 2019 327.1+84°  3435+156°  320.1+6.2° 3302+6.4  353.7+101%°  406.8+20.7 3375+9.6° 366.0 £ 8.6
Jun. 2019  356.6+10.2®  4050+9.7°°  3312+7.2%  3642+117 401.7+194%  4502+145°  367.8+229®  409.6 +16.4
Jul. 2019 593.9 +20.0° 5857+12.6® 518.7+7.07° 566.1+13.9 692.8 +11.3°  660.6 £21.6%  611.4+14.7° 6549+ 14.4
Aug. 2019  6145+26.1®  590.7+21.0°  5193+7.1%* 5748+174  7367+135°  671.8+258"  630.1+26.1° 679.6 +19.3

Mean value + standard error (SE). Different letter(s) in the same row indicates significant differences at P < 0.05.

Table 3 Seasonal variation in soil CO, efflux (Rs, mg CO, m? h™)), soil temperature (Ts, °C), and soil moisture (Ms, %) in
uninvaded (Ul) and Lantana-invaded (L) sites of tropical dry deciduous forest of Sagar, Madhya Pradesh.

Uninvaded (UI)

Lantana-invaded (LI)

Season Parameter
Site-1 Site-11 Site-111 Mean Site-1 Site-11 Site-111 Mean
COyefflux 2436+ 13.1%° 2215+16.2™ 187.9+21.5° 217.7+£162 2951%17.3° 2559+136" 2267+13.8°  259.2+19.8
Winter Ts 23.0+1.4° 208+14%  222+17° 220406  224+14° 204+15° 215+19° 214406
Ms 8602 11.0 £0.3" 94+02*° 97x071 9.2+0.2° 12.0£0.3° 9.8+0.3% 10.3+0.8
COjefflux 3325+7.8° 3528+17.4™ 300.6+12.1° 328.6+152 380.9+82° 4036x16.0° 3467+9.1"  377.1:x166
Summer Ts 35.0 £ 1.6° 330+18°  342+17° 341+06  342+15° 325+1.7° 335+16° 334405
Ms 6.6 0.6 8.2+0.7° 75+06° 74205 7.1£06° 9.4+0.8" 8.2+0.8" 8.2+07
COjefflux 519.8+27.9° 4816337 4386+257° 480.0£235 6022+356° 5521+36.1" 5062+37.1° 5535x27.8
Rainy Ts 304+ 16° 284+17°  294+15° 294+06  29.7+15° 279+18° 289+16° 288405
Ms 16.8 +1.3° 191+1.8"  164x17° 174+08 17615 209+1.7° 17.1+1.7* 185+1.2

Mean value + standard error (SE). Different letter(s) in the same row indicates significant differences at P < 0.05.
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Table 4 Mean soil temperature (°C) in uninvaded (UI) and Lantana-invaded (LI) sites of tropical dry deciduous forest of Sagar,
Madhya Pradesh.

Parameter Uninvaded (UI) Lantana-invaded (LI)

Site-1 Site-11 Site-111 Mean Site-1 Site-11 Site-111 Mean
Sept. 2018  29.4+0.3° 271+£02®  282+04™  28.2£11 28.4 £ 05" 26.1£0.3° 278+03° 27.4£1.1
Oct. 2018  26.6 £0.5° 246+01% 25801  257+0.9 26.2 +0.2% 242 £0.2° 25.1 £0.1%*° 25.2+0.9
Nov.2018  24.2+0.3° 224+02®  231+£01™ 232408 23.3+0.4" 21.1£05° 224£02% 22.2+1.1
Dec. 2018 224+ 0.4° 202+£02"%  212+03™  21.2+10 224+02° 19.8£0.2° 20.5+0.3%® 20.9+1.2
Jan.2019  19.4%0.3° 172 £02™  182£02  18.3+0.9 18.5+0.2% 16.7 £0.4° 17.0 £0.3® 17.4£1.0

Feb. 2019 26.2+05° 236+04° 265+0.2° 25.4%1.5 25.4+0.1% 24.0 +0.6% 26.0+0.3° 25.1+1.0

Mar. 2019  30.5+0.1 283£02%  296+04"  29.4£10 30.2 £0.2% 27.9£04° 29.2 £0.1™ 29.1#1.1
Apr.2019  34.8+0.4° 322+03  337£03* 33612 33.8+0.5™ 32.1+0.2° 332+0.1% 33.1+0.9
May 2019  36.6 £0.1° 349+04®  362£027 359409 355+ 0.2 343+0.1° 35.1+0.2% 35.0£0.6
Jun.2019  38.1£02° 366+0.3° 375+£01™  37.4%07 37.3+£0.1™ 358+0.2° 36.7+0.3* 36.6+0.7
Jul.2019  341+03° 32.7+0.1° 32.8+0.4° 33.240.8 33.1+0.3% 32.2+0.2° 32.6 £0.1° 32.6+0.5
Aug. 2019 31705 292+03  308+03® 30513 31.1+04° 29.3+0.1° 30.3+0.5% 30.2+0.9

Mean value + standard error (SE). Different letter(s) in the same row indicates significant differences at P < 0.05.

Table 5 Mean soil moisture (%) in uninvaded (Ul) and Lantana-invaded (LI) sites of tropical dry deciduous forest of Sagar,

Madhya Pradesh.
Parameter Uninvaded (Ul) Lantana-invaded (LI)
Site-1 Site-11 Site-111 Mean Site-1 Site-11 Site-111 Mean

Sept. 2018  17.4+0.4® 191403 158+0.3°  174%05 17.9+ 0.2%° 20.0£0.8° 16.1+0.6 18.0+0.6
Oct. 2018 149+0.3*  16.1+0.7" 13.2+0.2*  147+05 15.0 + 0.6 17.4 +0.6° 142+0.7® 155+0.5
Nov. 2018 9.7£0.2° 125£08™  102+02® 10805 10.5£0.3%® 13.1£0.7° 10803  114%05
Dec. 2018 8.4£0.2° 10.6 £ 0.3™ 9.2+03® 9.4£04 9.2+0.3® 116 £0.5° 9.3£0.4% 10.0£0.4
Jan. 2019 7803 9.8+0.2% 8.1+05° 8.6+0.3 8.2+0.6° 103+05° 8.3+0.4% 89+04
Feb. 2019 8.4+0.4° 112 £0.3® 10.1+£0.4° 9.9+04 9.0+0.6° 132£08° 10.8 £0.9® 11.0£0.7
Mar. 2019 72£03° 9.1+0.4 8.8 0.3 8403 7.8+0.1% 10.5£0.5° 9.2+0.3" 9.1+0.5
Apr. 2019 6.6+0.3° 8.3+0.4% 7.1+04° 73+03 6.7 +0.4° 9.7+0.8° 73+03° 7.9+05
May 2019 48+03° 6.3+0.4 6.2 £0.2% 5803 5.5+0.3® 7.0£03° 6.5+0.2" 6.3+0.3
Jun. 2019 7.8+0.3° 9.2 £0.3%° 8.1+ 0.2° 8402 8.4+0.4% 10.4 £0.5° 9.8 +0.2" 9.5+0.3
Jul. 2019 147 £0.3° 16.8 £0.3 153+06° 151+022  158%1.1° 20.7+0.9° 162 +1.0° 17609
Aug.2019  20.1+0.9° 242 +£0.8° 212+07° 2124045  216+0.7° 25.4 £ 0.4° 221+£32° 231+1.2

Mean value + standard error (SE). Different letter(s) in the same row indicates significant differences at P < 0.05.
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3.3 Impact of Lantana on annual soil respiration

The total annual soil respiration values from September 2018 to August 2019 were 4105.3 and 4759.2 mg CO,
m2 yr for Ul and LI sites respectively. The highest cumulative annual soil respiration was observed in Site-I
(4383.7 mg CO, m? yrt in Ul and 5112.7 mg CO, m? yr™ in L1), followed by Site-11 (4223.5 mg CO, m? yr*
in Ul and 4846.4 mg CO, m?yr™in LI) and Site-111 (3708.7 mg CO, m? yr' in Ul and 4318.4 mg CO, m™ yr
Yin LI).

3.4 Relationships: soil respiration, Ts, Ms with Lantana density and other variables

Soil respiration was significantly positively related with Lantana density (r = 0.76, P = 0.001), Lantana basal
area (r = 0.79, P = 0.001), standing crop litter (r = 0.92, P = 0.001), Ts (r = 0.49, P = 0.05), Ms (r =0.59, P =
0.05), SOC (r = 0.66, P = 0.001), SOM (r = 0.66, P = 0.001), pH (r = 0.56, P = 0.05) and with mean annual
precipitation (MAP) (r = 0.94, P = 0.0001). However, soil respiration exhibited significant negative
relationships with bulk density (r = -0.84, P = 0.001) and mean annual temperature (r = -0.65, P = 0.05) in LI
sites. A significant negative correlation has also been observed between Ts (R = 0.49, P = 0.05), Ms (r = 0.59,
P = 0.05) and Lantana density and litter cover in LI sites (Table 6).

Table 6 Correlations (r-values) between CO, efflux, Ts and Ms with Lantana density and other predictable
variables at 10 cm soil depth.

Predictor variables r-value P-value
Soil CO, efflux 0.763 0.001
Soil moisture (Ms) 0.498 0.051
Soil temperature (Ts) 0.59 0.057
SOC stocks (0-10 cm) 0.666 0.001
SOM (0-10 cm) 0.663 0.001
pH (0-10 cm) 0.568 0.053
Bulk density (0-10 cm) -0.843 0.004
Standing crop litter 0.922 0.001
MAT (°C) -0.656 0.053
MAP (mm) 0.947 0.001
Aspect (°) 0.988 0.001
Altitude (m asl) 0.901 0.001
4 Discussion

In the present study, Lantana invasion was found to enhance soil respiration via the interplay of several factors.
Soil respiration rates are chiefly dependent on Ts and Ms, besides other regulating factors like availability of
C-rich substrates, soil physico-chemical properties, plant root densities, soil organismal composition and
population, etc (Boudot et al., 1986; Raich and Tufekcioglu, 2000). In this study, soil respiration was observed
to be higher in LI sites (4759.2 mg CO, m? yr) than Ul sites (4105.3 mg CO, m? yr') for the period
September 2018 to August 2019 and it exhibited both monthly and seasonal variations. When the plant
community composition gets altered, variations occur in energy balance, biogeochemical cycles and SOM
quality and quantity, which affect factors such as Ts and Ms that ultimately control soil CO, efflux (Raich and
Schlesinger 1992). A key mechanism by which a plant species could control the rate of soil CO; efflux is the
formation of litter on which soil organisms feed (Prasad and Baishya, 2019). Site-I had the highest rate of soil
respiration (4383.7 mg CO, m? yr in Ul and 5112.7 mg CO, m? yr* in LI) among all the sites. This could be
because this site held the highest Ms (0 - 10 cm), SOM and SOC stock contributed by litter inputs. Thickets of
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Lantana typically trap a great amount of windblown litter, leading to litter accumulation and build-up of SOM
(Sharma and Raghubanshi, 2011). Furthermore, Lantana itself produces litter that markedly varies in quality
and quantity from that of native plant litter, which in turn affect soil quality and the rate of soil respiration. The
litter of Lantana decomposes faster than the litter of native plants which therefore increases the rate of soil
respiration. According to a global meta-analysis, rates of litter decomposition could increase up to 117% in
invaded ecosystems (Liao et al., 2008). Litter mixing between native and invasive species lead to microbial
composition shifts which often affects the invasive species positively and native species negatively (Si et al.,
2013; Wang et al., 2015). Mixed litter has enhanced rates of decomposition due to nutrient transfers between
component plant litters (Zhang et al., 2014) and this results in enhanced rates of soil microbial respiration (Bu
et al., 2015) and hence, the rate of soil CO, efflux.

Soil respiration exhibited monthly variation peaking in August (mean: 574.8 + 17.4 mg CO, m? h™ in Ul
and 679.6 + 19.3 mg CO, m? h™' in LI) and weakening in January (mean: 152.1 + 10.0 mg CO, m? h in UI
and 190.9 + 10.9 mg CO, m? h™ in LI). The average soil CO, efflux was 342.1 + 37.6 mg CO, m? h™ among
Ul sites and 396.6 + 42.8 mg CO, m?Zht among LI sites, which signifies a 7.4% increase in soil CO, emission
due to Lantana invasion. The values observed in our study are slightly higher than those reported from the
tropical lowland rainforest of Borneo (140 - 302 mg CO, m™ h™; Wanner, 1970), tropical evergreen forest of
Venezuela (80 - 311 mg CO, m? h™; Medina and Zelwar, 1972), tropical deciduous forest of western Odisha
(40-210 mg CO, m? h™; Basu et al., 1991), tropical moist deciduous forest (55-360 mg CO, m? h™; Mohanty
and Panda, 2011); comparable with those of tropical dry deciduous forest of Costa Rica (373 mg CO, m? h;
Schulze, 1967), tropical dry deciduous forest of Uttar Pradesh (76 - 705 mg CO, m™? h™; Pandey and Singh,
2018); and lower than those of tropical forests of Panama (469 - 914 mg CO, m™? h™; Kursar, 1989), Costa
Rica (430 - 675 mg CO, m? h™'; Schwendenmann et al., 2003), and primary and secondary forests of Malaysia
(948 and 707 mg CO, m? h™"; Adachi et al. 2006). The variations observed with other studies could be due to
differences in the forest type, soil conditions, experimental protocols, etc (Mohanty and Panda, 2011). The
highest soil CO, efflux observed in August could be because it is the peak growth period of understorey
vegetation which increases root and microbial respiration (Wang et al., 2014). In contrast, the lowest soil
respiration observed in January could be because of low incoming solar radiation and low Ts leading to low
microbial activity (Han et al., 2012; Dar et al., 2015).

In the present study, soil respiration exhibited a strong seasonal pattern as it was highest during the rainy
season (mean: 480.0 + 23.5 mg CO, m™? h™ in Ul sites and 553.5 + 27.8 mg CO, m™ h™t in LI sites), moderate
during summer (mean: 328.6 + 15.2 mg CO, m? h™ in Ul sites and 377.1 + 16.6 mg CO, m? h™* in LI sites)
and lowest during winter (mean: 217.7 + 16.2 mg CO, m2 h™ in Ul sites and 259.2 + 19.8 mg CO, m? h™ in
LI sites). Similar observations were reported by Mohanty and Panda (2011), Arora and Chaudhary (2017),
Prasad and Baishya (2019) and Meena et al. (2020). Seasonal variations in soil CO, efflux are predominantly
driven by the interactive effects of Ts and Ms (Zhang et al. 2019). High rates of soil CO; efflux in rainy season
could be because Ms was highest, and Ts was optimum during this season. High Ms content could have
increased autotrophic respiration due to percolation of water into the rhizosphere (Huxman et al., 2004). Also,
this is the favourable season for plant growth and elevated photosynthesis which further enhances soil CO,
efflux (Prasad and Baishya, 2019). Rainfall causes physical disruption of soil micro- and macro-aggregates
that enhance organic matter decomposition and soil microbial respiration (Li et al., 2018). Availability of soil
water due to rainfall after a long dry period could lyse microbial cells or rapidly mineralize the cytoplasmic
solutes and release CO; into the surrounding environment which led to high soil CO, efflux in the rainy season
(Schimel et al., 2007; Meena et al., 2020). Moderate rates of soil respiration during summer could be because
Ts was highest, and Ms was lowest during this season. Rates of soil respiration usually rise with increase in Ts,
but on attaining a particular threshold level, Ms becomes limited which slows down soil CO, efflux due to
enzyme inhibition and associated reduced microbial and plant physiological activities (Jha and Mohapatra,
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2011). In contrast to the rainy season, summer is considered to be a ‘non-growing’ season with very less
root/shoot biomass and decreased respiration (Meena et al., 2020). Low rates of soil respiration during winter
could be because Ts was the lowest in this season. Low Ts and less incoming solar radiation in winter cause a
decline in soil microbial populations leading to low decomposition of SOM which, in turn, results in lowest
soil CO, emission (Pandey et al., 2010; Sundarapandian and Dar, 2013).

In the present study, both Ts and Ms varied monthly and seasonally causing corresponding variations in
soil respiration. The maximum Tg was recorded in June (37.4 £ 0.7°C in Ul sites and 36.6 £ 0.7°C in LI sites)
and during summer (34.1 = 0.6°C in Ul sites and 33.4 + 0.5°C in LI sites), while the minimum was in January
(18.3£0.9°C in Ul sitesand 17.4 £ 1.0°C in LI sites) and winter (22.0 £ 0.6°C in Ul sites and 21.4 + 0.6°C in
LI sites). The average monthly Ts values were 28.5 + 1.7°C in Ul sites and 27.9 £ 1.7°C in LI sites, signifying
a 1.1% decrease in invaded sites. On the other hand, the maximum Ms was recorded in August (21.2 £ 0.45%
in Ul sites and 23.1 + 1.2% in LI sites) and during rainy season (17.4 + 0.8% in Ul sites and 18.5 + 1.2% in LI
sites), while the minimum was in May (5.8 + 0.3% in Ul sites and 6.3 + 0.3% in LI sites) and summer (7.4 +
0.5% in Ul sites and 8.2 + 0.7% in LI sites). The average monthly Mg values were 11.4 + 1.3% in Ul sites and
12.4 + 1.5% in L1 sites, signifying a 4.2% increase in invaded sites. As the study sites were open dry deciduous
forest patches, the soil of the Ul sites was barely exposed to incoming solar radiation which resulted in higher
Ts and lower Ms due to evaporation. In contrast, the invasion by Lantana provided considerable shade to the
soil beneath it by covering it up with litter and profusely branching above, which resulted in lower Ts and
retention of Ms. The variations caused by plant invasion influence the pace of SOM decomposition and soil
respiration rates (Qi and Xu, 2001; Chen et al., 2013).

In the present study, soil respiration was found to be significantly positively correlated with Ts (P = 0.051),
Ms (P = 0.057), SOC stock (P = 0.050), SOM (P = 0.051), tree density (P = 0.03), aspect (P = 0.0001),
altitude (P = 0.001) and mean annual precipitation (P = 0.0001). Contrarily, it was significantly negatively
correlated with soil bulk density (P = 0.004) and mean annual temperature (P = 0.050). Several studies have
demonstrated that Ts and Ms are the key controlling factors of soil CO, efflux (Davidson et al., 2006; Liu et al.,
2010; Sundarapandian and Dar, 2013; Wang et al., 2014; Pandey and Singh, 2018). While Ts affects metabolic
activities directly, Ms acts as a solubilizing agent and a medium for soil microbial activity, all of which
together affect soil respiration (Koizumi et al., 1999). An increase in Ts and Ms, in the presence of optimum
pH and adequate amounts of nitrogen, SOM and SOC stock speeds up the processes of decomposition,
mineralization, microbial activities and evolution of soil CO, (Hosea et al., 2018). Regression analysis
indicated that variation in Ts accounted for 24 - 41% and 19 - 41% variations in soil respiration in Ul and LI
sites respectively. Tsalters the microclimatic conditions and kinetics of microbial and autotrophic respiration,
which reflects on the rate of soil CO, efflux (Fang and Moncrieff, 2001). On the other hand, Ms explained 24 -
46% and 35 - 47% variations in soil CO; efflux in Ul and L1 sites respectively. Ms influences soil CO; efflux
as it is associated with forest floor litter, soil substrate, oxygen consumption, microbial activity, etc.
(Buyanovsky and Wagner, 1983; Hosea et al., 2018). As mean annual precipitation raises Mg levels, it is also
strongly related with soil CO, efflux. A positive influence of SOC stock on the rate of soil CO; efflux was also
reported by Fang et al. (1998), Zheng et al. (2009), Luo et al. (2012), and Pandey and Singh (2018). The SOM
and SOC stock derived from litterfall affect autotrophic respiration, substrate decomposition, microbial
biomass and activity (Zhou et al., 2013; Meena et al., 2020). The negative relationship between soil CO, efflux
and bulk density indicates that pore spaces play a crucial role in water movement, electric conductivity,
maintenance of aerobic conditions and microbial activity (Hosea et al., 2018). The negative association of soil
respiration with mean annual temperature could be because the latter causes soil dryness and water stress, thus
limiting the rate of the former (Li et al., 2018).
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5 Conclusion

The present study indicates that soil CO, efflux is significantly enhanced in the studied tropical dry deciduous
forest sites with invasion by Lantana. Soil CO, efflux also exhibits monthly and seasonal variations with
changes in Ts and Ms. Therefore, the Lantana invasion, together with any change in the existing temperature
and precipitation regimes could drastically alter the rate of global carbon cycling.

Acknowledgements

We are thankful to the Madhya Pradesh State Forest Department for permission and providing the necessary
facilities and staff support during the field work. This study was supported by the Science and Engineering
Research Board (SERB), Department of Science and Technology, New Delhi under Startup Research Grant
(Ref. No.: SRG/2022/002286) to the Corresponding author and Second author to NPDF/2021/003742.

References

Adachi M, Bekku YS, Rashidah W, Okuda T, Koizumi H. 2006. Differences in soil respiration between
different tropical ecosystems. Applied Soil Ecology, 34(2-3): 258-265

Anderson JM, Ingram JSI. 1993. Tropical Soil Biology and Fertility: A Handbook of Methods. CAB
International, Wallingford, UK

Arora P, Chaudhry S. 2017. Dependency of rate of soil respiration on soil parameters and climatic factors in
different tree plantations at Kurukshetra, India. Tropical Ecology, 58(3): 573-581

Basu S, Joshi SK, Pati DP, Behera N. 1991. Soil respiration in relation to microbial biomass in a tropical
deciduous forest floor from India. Revue d'écologie et de biologie du sol, 28(4): 377-386

BilandZija D, Zgorelec Z, Kisi¢ I. 2016. Influence of tillage practices and crop type on soil CO,
emissions. Sustainability, 8(1): 90

Boudot JP, Hadj BB, Choné T. 1986. Carbon mineralization in Andosols and aluminium-rich highland
soils. Soil Biology and Biochemistry, 18(4): 457-461

Bu N, Qu J, Li Z, Li G, Zhao H, Zhao B, et al. 2015. Effects of Spartina alterniflora invasion on soil
respiration in the Yangtze River Estuary, China. PLoS One, 10(3): p.e0121571

Buyanovsky GA, Wagner GH. 1983. Annual cycles of carbon dioxide level in soil air. Soil Science Society of
America Journal, 47(6): 1139-1145

Champion HG, Seth SK. 1968. A Revised Survey of the Forest Types of India. The Manager of Publications,
Delhi, India

Chen W, Jia X, Zha T, Wu B, Zhang Y, Li C, et al. 2013. Soil respiration in a mixed urban forest in China in
relation to soil temperature and water content. European Journal of Soil Biology, 54: 63-68

Dar JA, Ganie KA, Sundarapandian,S. 2015. Soil CO, efflux among four coniferous forest types of Kashmir
Himalaya, India. Environmental monitoring and assessment, 187(11): 1-13

Dar JA, Subashree K, Sundarapandian S, Saikia P, Kumar A, Khare PK, et al. 2019. Invasive Species and
Their Impact on Tropical Forests of Central India: A Review. In Tropical Ecosystems: Structure,
Functions and Challenges in the Face of Global Change (pp. 69-109. Springer, Singapore

Davidson EA, Janssens IA, Luo Y. 2006. On the variability of respiration in terrestrial ecosystems: moving
beyond Q10. Global Change Biology, 12(2): 154-164

Drake SJ, Weltzin JF, Parr PD. 2003. Assessment of non-native invasive plant species on the United States
Department of Energy Oak Ridge National Environmental Research Park. Castanea, 68(1): 15-30.

Fang C, Moncrieff JB. 2001. The dependence of soil CO, efflux on temperature. Soil Biology and
Biochemistry, 33(2): 155-165

IAEES WWW.iaees.org



Proceedings of the International Academy of Ecology and Environmental Sciences, 2023, 13(4): 173-185 183

Fang C, Moncrieff J B, Gholz, HL, Clark KL. 1998. Soil CO, efflux and its spatial variation in a Florida slash
pine plantation. Plant and soil, 205(2): 135-146

Global Invasive Species Database. 2020. Species profile: Lantana camara. Downloaded from
http://www.iucngisd.org/gisd/species.php?sc=56 on 28-12-2020

Goyal N, Esler KJ, Sharma GP. 2018. What drives performance potential of Lantana camara L. sensu lato in
the invaded range? Tropical Ecology, 59(1): 57-68

Gupta SR, Singh JS. 1977. Effect of alkali concentration, volume and absorption area on the measurement of
soil respiration in a tropical sward. Pedobiologia, 8: 233-239

Han G, Yu J, Li H, Yang L, Wang G, Mao P, Gao Y. 2012. Winter soil respiration from different vegetation
patches in the Yellow River Delta, China. Environmental management, 50(1): 39-49

Harris DG, Van Bavel CHM. 1957. Root respiration of tobacco, corn, and cotton plants 1. Agronomy
Journal, 49(4): 182-184

Hosea MK, Makmom AA, Aris AZ, Ainuddin NA, Niashen L, Mohammad BM, et al. 2018. Influence of
monsoon regime and microclimate on soil respiration in the tropical forests. IOSR Journal of
Environmental Science, Toxicology and Food Technology, 12(3): 63-73

Huxman TE, Snyder KA, Tissue D, Leffler AJ, Ogle K, Pockman WT, et al. 2004. Precipitation pulses and
carbon fluxes in semiarid and arid ecosystems. Oecologia, 141(2): 254-268

India State of Forest Report 2021. Forest Survey of India (Edition 16). Ministry of Environment, Forest &
Climate Change, Government of India, India

Jha P, Mohapatra KP. 2011. Soil respiration under different forest species in the riparian buffer of the semi-
arid region of northwest India. Current Science, 1412-1420

Kirk PL. 1950. Kjeldahl method for total nitrogen. Analytical Chemistry, 22(2): 354-358

Koizumi H, Kontturi M, Mariko S, Nakadai T, Bekku Y, Mela T. 1999. Soil respiration in three soil types in
agricultural ecosystems in Finland. Acta Agriculturae Scandinavica, Section B-Plant Soil Science, 49(2):
65-74

Kursar TA. 1989. Evaluation of soil respiration and soil CO, concentration in a lowland moist forest in
Panama. Plant and Soil, 113(1): 21-29

Li G, Kim S, Han SH, Chang H, Son Y. 2017. Effect of soil moisture on the response of soil respiration to
open-field experimental warming and precipitation manipulation. Forests, 8(3): 56

Li JT, Wang JJ, Zeng D H, Zhao SY, Huang WL, Sun XK, Hu, YL. 2018. The influence of drought intensity
on soil respiration during and after multiple drying-rewetting cycles. Soil Biology and Biochemistry, 127,
82-89

Liao C, Peng R, Luo Y, Zhou X, Wu X, Fang C, et al. 2008. Altered ecosystem carbon and nitrogen cycles by
plant invasion: a meta - analysis. New Phytologist, 177(3): 706-714

Liu Y, Li QS, Yang JS, Hu W, Chen PX. 2010. Soil respiration rate and its sensitivity to temperature in
pasture systems of dry-tropics. Acta Agriculturae Scandinavica Section B- Soil and Plant Science, 60(5):
407-419

Lone PA, Dar JA, Subashree K, Raha D, Pandey PK, Ray T, et al. 2019. Impact of plant invasion on physical,
chemical and biological aspects of ecosystems: A review. Tropical Plant Research, 6(3): 528-544

Lii XR. 2011. Quantitative risk analysis and prediction of potential distribution areas of common lantana
(Lantana camara) in China Computational Ecology and Software, 1(1): 60-65

Luo J, Chen Y, Wu Y, Shi P, She J, Zhou P. 2012. Temporal-spatial variation and controls of soil respiration
in different primary succession stages on glacier forehead in Gongga Mountain, China. PLoS One, 7(8):
e42354

Medina E, Zelwer M. 1972. Soil respiration in tropical plant communities. In: Proceedings of the Second
International Symposium of Tropical Ecology. 245-269, Athens, Georgia

IAEES WWW.iaees.org



184 Proceedings of the International Academy of Ecology and Environmental Sciences, 2023, 13(4): 173-185

Meena A, Hanief M, Dinakaran J, Rao KS. 2020. Soil moisture controls the spatio-temporal pattern of soil
respiration under different land use systems in a semi-arid ecosystem of Delhi, India. Ecological
Processes, 9(1): 1-13

Metcalfe DB, Fisher RA, Wardle DA. 2011. Plant communities as drivers of soil respiration: pathways,
mechanisms, and significance for global change. Biogeosciences, 8(8): 2047-2061

Mohanty RB, Panda T. 2011. Soil respiration and microbial population in a tropical deciduous forest soil of
Orissa, India. Flora-Morphology, Distribution, Functional Ecology of Plants, 206(12): 1040-1044

Mungi NA, Qureshi Q, Jhala YV. 2020. Expanding niche and degrading forests: Key to the successful global
invasion of Lantana camara. Global Ecology and Conservation, 23: e01080

Pandey RR, Sharma G, Singh TB, Tripathi SK. 2010. Factors influencing soil CO, efflux in a north eastern
Indian oak forest and plantation. African Journal of Plant Science, 4: 280-289

Pandey SK, Singh, H. 2018. Effects of environmental factors on soil respiration in dry tropical deciduous
forest. Tropical Ecology, 59(3): 445-456

Prasad S, Baishya R. 2019. Interactive effects of soil moisture and temperature on soil respiration under native
and non-native tree species in semi-arid forest of Delhi, India. Tropical Ecology, 60(2): 252-260

Qi Y, Xu M. 2001. Separating the effects of moisture and temperature on soil CO2 efflux in a coniferous forest
in the Sierra Nevada mountains. Plant and Soil, 237(1): 15-23

Raich JW, Schlesinger WH. 1992. The global carbon dioxide flux in soil respiration and its relationship to
vegetation and climate. Tellus B, 44(2): 81-99

Raich JW, Tufekciogul A. 2000. Vegetation and soil respiration: correlations and controls. Biogeochemistry,
48(1): 71-90

Raich JW, Potter CS, Bhagawati D. 2002. Interannual variability in global soil respiration, 1980-94. Global
Change Biology, 8(8): 800-812

Sardans J, Bartrons M, Margalef O, Gargallo-Garriga A, Janssens IA, Ciais P, et al. 2017. Plant invasion is
associated with higher plant—soil nutrient concentrations in nutrient - poor environments. Global Change
Biology, 23(3): 1282-1291

Schimel J, Balser TC, Wallenstein M. 2007. Microbial stress - response physiology and its implications for
ecosystem function. Ecology, 88(6): 1386-1394

Schlesinger WH, Andrews JA. 2000. Soil respiration and the global carbon cycle. Biogeochemistry, 48(1): 7-
20

Schulze ED. 1967. Soil respiration of tropical vegetation types. Ecology, 48(4): 652-653

Schwendenmann L, Veldkamp E, Brenes T, O'brien JJ, Mackensen J. 2003. Spatial and temporal variation in
soil CO, efflux in an old-growth neotropical rain forest, La Selva, Costa Rica. Biogeochemistry, 64(1):
111-128

Sharma GP, Raghubanshi AS. 2006. Tree population structure, regeneration and expected future composition
at different levels of Lantana camara L. invasion in the Vindhyan tropical dry deciduous forest of India.
Lyonia, 11(1): 27-39

Sharma GP, Raghubanshi AS. 2011. Lantana camara L. invasion and impact on herb layer diversity and soil
properties in a dry deciduous forest of India. Applied Ecology and Environmental Research, 9(3): 253-264.

Sharma GP, Raghubanshi AS, Singh JS. 2005. Lantana invasion: An overview. Weed Biology and
Management, 5(4): 157-165

Si C, Liu X, Wang C, Wang L, Dai Z, Qi S, Du D. 2013. Different degrees of plant invasion significantly
affect the richness of the soil fungal community. PLoS One, 8(12): e85490

Sundarapandian S, Dar J. 2013. Variation in soil CO, efflux in Pinus wallichiana and Abies pindrow temperate
forests of Western Himalayas. India. Forest Research, 3(116): 2

IAEES WWW.iaees.org



Proceedings of the International Academy of Ecology and Environmental Sciences, 2023, 13(4): 173-185 185

Walkley A, Black 1A. 1934. An examination of the Degtjareff method for determining soil organic matter, and
a proposed modification of the chromic acid titration method. Soil Science, 37(1): 29-38

Wang M, Liu X, Zhang J, Li X, Wang G, Li X, Chen W. 2015. Soil respiration associated with plant
succession at the meadow steppes in Songnen Plain, Northeast China. Journal of Plant Ecology, 8(1): 51-
60

Wang X, Liu L, Piao S, Janssens IA, Tang J, Liu W, et al. 2014. Soil respiration under climate warming:
differential response of heterotrophic and autotrophic respiration. Global change biology, 20(10): 3229-
3237

Wanner H. 1970. Soil respiration, litter fall and productivity of tropical rain forest. The Journal of Ecology,
543-547

Yang J, Wang C. 2006. Partitioning soil respiration of temperate forest ecosystems in Northeastern
China. Acta Ecologica Sinica, 26(6): 1640-1646

Zhang L, Wang H, Zou J, Rogers WE, Siemann E. 2014. Non-native plant litter enhances soil carbon dioxide
emissions in invaded annual grassland. PLoS one, 9(3): €92301

Zhang R, Zha, X, Zuo X, Degen AA, Shang Z, Luo Y, et al. 2019. Effect of manipulated precipitation during
the growing season on soil respiration in the desert-grasslands in Inner Mongolia, China. Catena, 176: 73-
80

Zhang WJ, Chen B. 2011. Environment patterns and influential factors of biological invasions: a worldwide
survey. Proceedings of the International Academy of Ecology and Environmental Sciences, 1(1): 1-14

Zhao J, Li R, Li X, Tian L. 2017. Environmental controls on soil respiration in alpine meadow along a large
altitudinal gradient on the central Tibetan Plateau. Catena, 159: 84-92

Zheng ZM, Yu GR, Fu YL, Wang YS, Sun XM, Wang YH. 2009. Temperature sensitivity of soil respiration is
affected by prevailing climatic conditions and soil organic carbon content: A trans-China based case
study. Soil Biology and Biochemistry, 41(7): 1531-1540

Zhou Z, Guo C, Meng H. 2013. Temperature sensitivity and basal rate of soil respiration and their
determinants in temperate forests of north China. PloS one, 8(12): 81793

IAEES WWW.iaees.org





