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Abstract

We examined the roles of lithology, topography, vegetation and fire in generating local-
scale (<1 km?) soil spatial variability in a seasonally dry tropical forest (SDTF) in southern
India. For this, we mapped soil (available nutrients, Al, total C, pH, moisture and texture in
the top 10cm), rock outcrops, topography, all native woody plants >1 cm diameter at breast
height (DBH), and spatial variation in fire frequency (times burnt during the 17 years preced-
ing soil sampling) in a permanent 50-ha plot. Unlike classic catenas, lower elevation soils
had lesser moisture, plant-available Ca, Cu, Mn, Mg, Zn, B, clay and total C. The distribution
of plant-available Ca, Cu, Mn and Mg appeared to largely be determined by the whole-rock
chemical composition differences between amphibolites and hornblende-biotite gneisses.
Amphibolites were associated with summit positions, while gneisses dominated lower ele-
vations, an observation that concurs with other studies in the region which suggest that hill-
slope-scale topography has been shaped by differential weathering of lithologies. Neither
NOs~-N nor NH4*-N was explained by the basal area of trees belonging to Fabaceae, a fam-
ily associated with N-fixing species, and no long-term effects of fire on soil parameters were
detected. Local-scale lithological variation is an important first-order control over soil vari-
ability at the hillslope scale in this SDTF, by both direct influence on nutrient stocks and indi-
rect influence via control of local relief.

Introduction

Soil heterogeneity is thought to play a key role in the origin and maintenance of tropical plant
diversity and community structure at regional [1,2], landscape [3,4] and local (<1 km?) [5,6]
scales. At the local scale, this heterogeneity may promote coexistence of plant species by niche
segregation [7] and help maintain spatially-structured genetic variation [8]. Similarly, soil
resource variability and heterogeneity are linked to community structure and diversity of soil
biota [9]. In addition, an understanding of local-scale soil variability can inform ecosystem res-
toration design, such as during the selection of appropriate vegetation for a site [10]. Despite
these implications, little is understood about the patterns and controls of spatial variability in
tropical forest soils.
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At the local scale, climate being constant, soil variability broadly arises from variation in
parent material, topography and organismal activity [11], with additional factors such as fire
being important in some regions [12]. These factors influence soil formation at different spatial
and temporal scales and, while it is generally accepted that they act in a hierarchical fashion,
their relative dominance may vary by biome [13]. Our focus here is on seasonally dry tropical
forests (SDTFs), a globally extensive biome that is characterized by several dry months
(precipitation < 100mm) [14]. Soil-forming factors that dominate in SDTFs may thus be
potentially different from those that dominate in aseasonal wet forests and grass-dominated
savannas. SDTFs are relatively understudied despite being the most widespread of tropical for-
ests [15]. Below, we briefly review studies from SDTFs that relate to the roles of four potentially
important controls—lithology, topography, vegetation and fire—on local-scale soil variability.

Lithology

Studies from other forest types show that the effect of lithological variation on soils can be sig-
nificant at local or smaller scales (e.g. [16]). SDTF soil studies tend to assume spatially uniform
parent material influence at the local scale (e.g. [17,18]), although studies at landscape or larger
scales do incorporate parent material variation [19]. To our knowledge, no SDTF study has
examined the relationship between lithology and soil properties at the local scale.

Topography

The relationship between local-scale topography and soil properties in SDTFs is relatively well
studied, largely focusing variation across broad topographic categories (e.g. ridge vs. valley,
north- vs. south-facing slopes) (e.g. [17,20-22,18]). Topography is recognized as an important
local-scale control in SDTFs, though soil variation does not always appear to follow the classic
catena pattern wherein lower elevations tend to have the higher soil moisture, nutrient status
and clay content. The role of topographic aspect in affecting soil properties by influencing solar
radiation interception has also been documented in SDTFs [21].

Vegetation

Tree species-soil associations have been studied in SDTFs [6], but it is generally unclear to
what extent these associations are driven by habitat requirements of tree species versus their
impact on soils. In this context, the frequently-observed relationship between N-fixing trees
and soil N (e.g. [23-25]), which is likely to have resulted from the effects of plants on soils, as
opposed to the other way around, merits study in SDTFs.

Fire
Studies from other forests suggest that the impact of fire on soils includes numerous short- and
long-term changes to soil chemistry, physical properties and biological activity [26,27]. Patchy
fires can potentially affect local-scale soil variability both indirectly, by modifying plant-soil
interactions [28], and directly, by modifying soil properties in burnt patches. Although many
SDTFs burn regularly [29], the effect of fire on SDTF soils appears to largely have been studied
in context of land-use change [30,31]; few studies in a natural context exist [28].

Our objectives are to assess the roles of lithology, topography, vegetation and fire as controls
of soil spatial variability in a SDTF in southern India. Specifically, we hypothesized the
following:

« Soil properties vary with variation in lithology at the local scale.
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o Soil properties vary systematically along hillslopes in accordance with the catena concept.
Further, soil properties differ significantly on southern and northern aspects.

« Soil N is greater under N-fixing tree species belonging to the family Fabaceae [32].

« Soil properties change with increasing fire frequency (defined here as the number of times a
patch was burnt during the study period) due to accumulation of multiple long-term changes.

Materials and Methods
Study site

The study was conducted in a permanent 50-ha plot (the Mudumalai Forest Dynamics Plot)
located in the transition zone between tropical moist- and dry-deciduous forest in Mudumalai
Wildlife Sanctuary (MWLS), Tamil Nadu, southern India (11° 35’ N 76° 32’ E, 910-1030 m
above sea level, 1000 m E-W x 500 m N-S). The site has been continuously monitored since
1988 [33]. Mean annual precipitation at Kargudi, located ~ 4 km from the plot, during 1989-
2013 was 1245 + 278 mm. Mean monthly maximum and minimum temperatures at Kargudi
during 1990-2013 were 27.4°C and 16.4°C, respectively. Permissions to conduct research in
Mudumalai were obtained from the Tamil Nadu Forest Department.

MWLS lies in the Moyar-Bhavani shear zone of the Western Dharwar Craton which sepa-
rates two 2.5 Ga-old charnockite massifs. Although dominated by Achaean gneissic granitoids
(“peninsular gneiss” [34]), the shear zone exhibits a variety of lithologies, such as amphibolite
facies (e.g. hornblendite, pyroxenite) produced by retrograde metamorphism [35,36] and some
late intrusions of granite, pegmatite and quartzite dykes or veins crossing the gneiss foliation
[37]. The initially thick, lateritic regolith cover set up on the Deccan Plateau during the Meso-
zoic was denudated during several Cenozoic erosion cycles [38], an important consequence of
which was rejuvenation of the saprolite. The latter is immature, meaning it still contains all pri-
mary bedrock minerals except biotite [39]. Though less abundant, most of the primary miner-
als, such as Na-plagioclase, sericite, hornblende and quartz, are recovered in the soils
developed on such saprolites, as observed in a watershed in Mule Hole (Survey of India: Mile-
hole), located in a similar geological, climatic and vegetation context about 17-km NW of the
plot [39-41]. Soils in the study region have been classified as Udic Haplustalfs (Alfisols) and
Udic Argiustolls (Mollisols) with deep A horizons and high clay content [42].

The canopy in the study site is dominated by Lagerstroemia microcarpa Wt., Terminalia cre-
nulata Roth., Anogeissus latifolia (DC.) Bedd. and Tectona grandis L. f. The understorey is charac-
terized by Kydia calycina Roxb., Helicteres isora L., Cassia fistula L., Catunaregam spinosa
(Thunb) Tirveng., Phyllanthus emblica L., and the alien invasive species Lantana camara L. and
Chromolaena odorata (L.) King & Robinson. The forest floor is dominated by perennial tall
grasses, mainly Themeda cymbaria Hac. and Cymbopogon flexuosus (Steudel) Watson. Logging of
select species in the region in which the plot is located extended from at least the early part of the
nineteenth century to 1968 [33]. The region also harbors a high density of large mammals that
make substantial impacts on the vegetation through feeding and on soil through dung deposition.
Although a management practice of fire-suppression is followed, dry-season, human-induced
ground fires occur with an average fire-return interval of 6 years in the dry-deciduous forest [43].

Sampling

Soil sampling for characterizing plant-available nutrients, Al, moisture and texture was per-
formed towards the end of the first annual wet season (summer or southwest monsoon) in

PLOS ONE | DOI:10.1371/journal.pone.0153212  April 21,2016 3/20



@’PLOS ‘ ONE

Controls of Soil Spatial Variability

September-October 2004 following Centre for Tropical Forest Science (CTES) soil-sampling
protocols [5]. For soil chemistry analysis, 200 samples were collected on a 50-m resolution reg-
ular grid overlaid on the FDP with an additional 100 samples collected at distances of 2, 8 or 20
m in random directions from every alternate grid point. Samples were collected from the top
0-10 cm, excluding the O horizon. Available cations, B and P were extracted using the Meh-
lich-III extractant and analyzed using atomic emission inductively coupled plasma (AE-ICP)
spectroscopy. N was extracted as NO3;™-N and NH,"-N using 2.0 M KCl and measured colori-
metrically using an auto analyzer (OI FS 3000, OI Analytical, Texas, USA). For soil physical
analysis, the plot was gridded into 20x20 m cells and samples collected at the center of each cell
(N =1250). These samples were analyzed for gravimetric soil moisture, texture by feel (USDA,
http://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/edu/?cid=nrcs142p2_054311) and
Munsell color. Physical property values from the nearest 20x20 m cell were assigned to each of
the 300 soil chemistry samples for analysis.

A smaller set (103) of grid locations was re-sampled in order to characterize total C during
the dry season of December 2015 -January 2016. Samples were oven dried at 45-55°C, ground,
and analyzed using a TOC analyzer (Shimadzu TOC-5000, Shimadzu Corporation, Kyoto,
Japan).

In order to map potential parent material distribution, rock samples were collected opportu-
nistically—aiming for an even spatial coverage—from numerous rocky outcrops occurring
within and near the plot during June 2014 —-March 2015. All woody plant species >1 cm in
diameter at a height of 1.3m from the ground (diameter at breast height, DBH) within the plot
were identified to species, measured for DBH, tagged, and mapped to the closest 0.5m during
May 1988-May 1989 [44] following CTFS protocols [45]. Subsequent annual censuses recorded
recruitment and mortality, while DBH was measured every fourth year starting 1988. The plot
had 25,554 individuals of 72 species in 1988 and 15,533 individuals of 72 species in 2004.
Quadrat burnt/unburnt status was recorded annually during 1988-2004 at the end of each dry
season on a 10-m resolution grid. The plot was almost completely burnt in 1989, 1991, 1992,
1996, 2002 and 2010, and partially burnt in 1994, 1995 and 2004.

Data preprocessing

The plot was gridded into 10x10-m quadrats (N = 5000) for subsequent analyses. A catch-
ment-scale (4.5x4.5 km) digital elevation model (DEM) was obtained from stereo-pair satellite
imagery (National Remote Sensing Centre, http://www.nrsc.gov.in) centered on the plot.
Topographic variables derived from elevation were its first and second derivatives (i.e. slope
inclination, slope aspect and curvature), a hydrological index of relative wetness (topographic
wetness index (TWI) [46]) and insolation (annual global radiation [47]). TWTI is formulated to
represent a catenary position [48], and has been used to predict soil properties at local (e.g.
[49]) and larger scales (e.g. [50]). All derived variable rasters were computed on the catch-
ment-scale DEM from which the plot extent was subsequently extracted. This allowed the
region within the plot to be affected by calculations on the region outside it, which is especially
important for hydrological variables. TWI was calculated using SAGA 2.0.5 (System for Auto-
mated Geoscientific Analyses, http://www.saga-gis.org; SAGA Wetness Index module, default
options). Slope inclination and aspect, curvature and insolation were calculated using ArcGIS
9.2 (ESRI, California, USA; Spatial Analyst Tools, default options). All further data processing
and analyses were performed in R 3.0 [51]. Seven soil variable outliers were removed (S1
Appendix) and values below the detection limit of the AE-ICP were set to the machine detec-
tion limit for the corresponding element.
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Data analyses

To test if major outcrop lithologies were associated with specific topographic positions, pair-
wise differences in the mean elevations of major lithologies were assessed for statistical signifi-
cance using a restricted randomization test, i.e. lithologies were randomly assigned to eleva-
tions without changing their relative positions. This was achieved by toroidal transformations,
wherein the elevation map was randomly translated and mirrored 5000 times following toroi-
dal edge-wrapping rules and recalculating the test statistic—the difference in mean elevation
for each pair of lithologies—for each such randomization in order to generate its null distribu-
tion [52].

The outcrop survey suggested that the two dominant lithologies in the plot were amphibo-
lites and gneisses. To test if the whole-rock geochemistry of these lithologies was associated
with soil chemistry, the mean and standard deviation data of amphibolite- and gneiss- bedrock
composition from Mule Hole [39] were compared with soil composition from two locations
within the Mudumalai plot that were dominated by amphibolites and gneisses, respectively, as
shown in Fig 1a.

Generalized least squares linear regression models were fit with soil variables as responses
and topographic (elevation, slope, aspect, curvature, TWI, insolation) and vegetation (basal
area of Fabaceae trees), and fire (times burnt during 1988-2004) variables as predictors. The
full tree censuses immediately preceding each soil sampling event was used to calculate basal
areas (2004 census in case of 2004 soil sampling; 2012 census in case of 2015-16 soil sampling).
Because slope aspect is a circular variable, it was decomposed into two linear variables using
the sine and cosine of aspect, representing “eastness” and “northness”, respectively. Because
individual trees are known to affect soils up to 15-m away [24], basal areas were smoothed
using a 15-m bandwidth isotropic Gaussian kernel to avoid edge effects (i.e. influences of adja-
cent trees outside a quadrat on soils within a quadrat); thus the basal area at any point was a
weighted average of basal areas of nearby trees. Soil texture and pH were also included as pre-
dictors because, even though texture and pH are themselves affected by soil-forming factors,
they potentially are stronger proximal controls of other soil properties. Texture determines
water- and nutrient-holding capacities while several biogeochemical processes involved in
nutrient cycling are pH dependent [12,54]. Because a rainfall event modified soil moisture con-
ditions about halfway through sampling, we only used soil moisture data prior to the event. All
predictors were centered and scaled by 1 standard deviation (SD) to avoid correlations with
higher-order terms, improve numerical stability and make effect sizes of predictors compara-
ble. Response variables were also centered and scaled to make effect sizes comparable across
models.

Results

Soil variable measurements are summarized in Table 1. P had the highest coefficient of varia-
tion across the plot while pH varied the least. Most plant-available nutrients, total carbon (TC)
and pH were positively correlated with each other and negatively correlated with Al (Table 2).
Spatial maps of soil and rock-outcrop sampling, and topographic, vegetation and fire variables
are shown in Figs 2-4.

Rock outcrops largely consisted of hornblende-biotite gneisses and amphibolites, with a
smaller number of charnockites distributed in the plot. Amphibolite outcrops occurred at sig-
nificantly higher elevations compared to gneisses (elevation difference 28.5 m, P = 0.03; toroi-
dal randomization test) and charnockites (elevation difference 42 m, P = 0.002), whereas the
mean elevations of gneisses and charnockites did not differ significantly (elevation difference
13.5m, P=0.23 N.S.) (Fig 1b). A comparison of amphibolite and gneiss bedrock composition
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Fig 1. Comparison of rock outcrops and soil chemistry in the 50-ha plot. (a) Rock outcrop composition
showing only amphibolites, gneisses and charnockites. Amphibolite- and gneiss-outcrop dominated patches
are outlined by red and gray circles, respectively. The rectangle represents the 50-ha plot boundary; contours
are 10 m; overlapping points have been jittered. (b) Boxplots showing elevation by rock type. P-values are
from restricted randomization tests. (c) Graphs comparing rock composition (mean + 1 SD) from nearby Mule
Hole [39] with soil composition (mean + 1 SD) from amphibolite- (n = 18) and gneiss- (n = 19) outcrop
dominated patches shown in (a). Mule Hole data for gneiss is from boreholes BH1, BH5 and BH12 (n = 54),
and for amphibolite from borehole BH6 (n = 24) [39]. Charnockite rock composition data (n = 5; no
corresponding soil data; shown at the bottom of each graph) is from Samuel et al. [53]. See S2 Appendix for
the complete outcrop map.

doi:10.1371/journal.pone.0153212.g001
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Table 1. Summary of soil variable measurements from the 50-ha plot.

Variable Mean SD cv

pH 6.68 0.35 5.28
TC 3.47 0.91 26.21
moisture 23.93 6.66 27.84
Fe 215.58 62.42 28.95
Ca 2509.40 971.90 38.73
Zn 2.34 0.98 41.92
Al 137.88 64.14 46.52
Mg 205.71 101.21 49.20
K 230.11 120.57 52.39
NH4*-N 8.69 4.58 52.64
Cu 2.47 1.46 59.20
Mn 84.26 53.62 63.63
NOs;™-N 2.63 1.75 66.68
B 0.65 0.45 69.33
P 20.21 27.45 135.84

SD = standard deviation; CV = coefficient of variation (%). All variables except pH, moisture and total
carbon (TC) are expressed in mg kg™'. Moisture and TC are expressed in %. Variables are ordered by
increasing CV. Outliers have been removed as described in S1 Appendix.

doi:10.1371/journal.pone.0153212.t001

from Mule Hole [39] and amphibolite and gneiss-outcrop dominated soils from the study plot
is shown in Fig 1c and Table 3. Regional charnockite composition data from Samuel et al. [53]
is also shown for reference in Fig 1c although no charnockite-outcrop dominated patches
could be identified for comparison of soil chemistry. Ca, Mn, Mg, Cu and Zn were higher both
in amphibolite bedrocks in Mule Hole and amphibolite-outcrop dominated soils in the plot,
compared to gneiss bedrocks and gneiss-outcrop dominated soils, respectively. Al and P were
similar in both bedrocks and soils. Fe was much higher in amphibolite bedrocks compared to
gneiss but similar in soil samples. Similarly, K was higher in gneiss bedrocks compared to
amphibolite but similar in soils.

Soil variable regression results are shown in Fig 5 (see also S3 Appendix); statistically signifi-
cant coefficients, excluding small effect sizes (coefficient > 0.2, i.e. 1 SD change in the predictor
results in > 0.2 SD change in the soil variable), are interpreted as follows. Frequently significant
predictors included pH, elevation, texture and the x-coordinate. Elevation was frequently sig-
nificant and had large effect sizes; each SD increase in elevation (= 26 m, Table 4) resulted in
up to 0.54 SD change in the respective soil variable value (in decreasing order of effect size:

Mn, Cu, B, Ca, pH, Mg, K).The quantities of all soil variables increased with elevation and
slope, but pH peaked at intermediate elevations. Total C and Zn decreased with TWI. The sig-
nificance, and occasionally large effect, of the x coordinate on some soil properties (S3 Appen-
dix), implied the presence of large-scale east-west gradients that are not accounted for by any
other topographic, vegetation, fire or soil variable included in the regressions.

Sandy clay soils tended to be found at higher elevations (mean = 968 m) than sandy clay
loam soils (mean = 952 m), but the difference (16 m) was not significant by a toroidal randomi-
zation test (P = 0.26 N.S.). TC, Mg, Cu, Ca, Al and Mn were significantly lower in sandy clay
loam soils compared to sandy clay soils. Higher pH was associated with higher nutrient avail-
ability and lower Al
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Table 2. Correlations (Pearson’s r) between soil variable measurements from the 50-ha plot.

B Mg Al P K Ca Mn Fe Cu Zn NOz™-N  NH,*N  pH
Mg 0.44%**
Al -0.29***  0.04
P 0.15 0.06 -0.25%*
K 0.49*** 0.35***  -0.17* 0.41%**
Ca 0.67***  0.79***  -0.06 0.16 0.36%**
Mn 0.52%* 0.65***  0.22 -0.23 0.25%* 0.63***
Fe 0.05 0.11 -0.03 0.58***  0.44***  0.11 -0.13
Cu 0.41* 0.7%** 0.19 -0.22 0.17 0.65%**  0.8%** 0
Zn 0.5%** 0.47*%**  -0.23** 0.43***  0.54%**  0.49***  0.44** 0.38***  0.44**
NOs;-N  0.3* 0.16 -0.31***  0.17 0.23** 0.11 0 0.25** -0.04 0.26*
NH,*-N  0.22*%* 0.24***  -0.09 0.02 0.3** 0.09 0.24*** 0.2 0.18 0.4***  0.24
pH 0.42***  0.07 -0.46***  0.15 0.14 0.24** 0.04 -0.09 -0.03 0.18 0.31***  -0.06
TC 0.33** 0.5%** -0.07 0.02 0.23 0.55%**  0.38** 0.09 0.52***  0.26* -0.02 0.13 0.07

Statistically significant correlations are shown in boldface;

*P < 0.05,

**P < 0.01,

***P < 0.001 (P-values have been adjusted to take into account the spatially-autocorrelated nature of data [55] and for multiple hypothesis testing [56]).

doi:10.1371/journal.pone.0153212.1002

Discussion

Bedrock composition in the Mudumalai plot was not uniform, with one of the clearer patterns
being significantly greater amphibolite presence at the top of plot topography and the wide-
spread occurrence of hornblende-biotite gneisses at lower elevations (Fig 1a and 1b; S2 Appen-
dix). This configuration concurs with the one found in the neighboring Mule Hole watershed
[57], located ~17-km N'W of the Mudumalai plot. Both sites are located in the Moyar-Bhavani
shear zone and exhibit considerable lithological heterogeneity at the local (<1 km?) scale, share
the 1200-1300mm isohyet, and are covered by intact tropical dry deciduous forest. This allows
for direct comparisons and for inferences to be carried over across sites. In Mule Hole, fresh
amphibolite is found just below the soil layer, indicating that the saprolite hardly develops on
this amphibolite lithology in the present climatic regime, in contrast to gneiss where biotite
hydrolysis and greater prevalence of discontinuities [58] allows faster weathering and the
development of a thick saprolite layer [39,57]. On the basis of observations in the Mudumalai
plot and geological studies in Mule Hole, we suggest that topography at both sites has been
shaped by differential weathering of lithologies, as is also widely observed at the landscape
scale in the region [59,60]. According to Gunnell [38], denudation patterns in the Deccan Pla-
teau regolith during the Cenozoic were shaped by the weatherability of rocks, allowing weath-
ering-resistant lithologies such as massive charnockites and granites to emerge in the
landscape against a background of peninsular gneisses.

Our results highlight several controls of soil spatial variability from a larger hierarchy
[11,13] that dominate at the local scale in this SDTF. As discussed below, in terms of the mag-
nitude of regression coefficients (Fig 5 and S3 Appendix), lithology appears to be most impor-
tant, followed by soil texture and topography.

The first section below discusses elements whose spatial distributions in the plot are corre-
lated with lithological variation. The subsequent section deals with elements that are immobile
under present conditions. Next, elements that are not well explained by any of the considered
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Fig 2. Spatial maps of soil properties sampled at 300 points in the 50-ha plot. TC = total carbon; NO3 = NO3™-N; NH4 = NH,*-N.
doi:10.1371/journal.pone.0153212.9002

factors are discussed. Finally, soil texture, moisture and pH patterns are discussed. We con-
clude by placing results from our study site in the larger geological and climatic context.

Plant-available Ca, Mn, Mg, Cu, Zn and B, and total C

Regional amphibolite contains greater Ca, Mn, Mg, Cu and Zn, on average, as compared to
gneiss [39,53,61], a pattern that is reflected in soil samples collected from amphibolite- and
gneiss-outcrop dominated patches within the plot (Fig 1). Because elevation lacks an intrinsic
meaning at the spatial scale of the plot, in the regressions, it either represents lithological varia-
tion, which is correlated with elevation (Fig 1b), or an unknown variable that happens to be
correlated with both lithological variation and elevation. In the latter case, elevation could rep-
resent drainage or depth to the water table, although these properties typically are better cap-
tured by TWI, which was surprisingly not significant in most regressions. Indeed, the
fundamental role that topography plays in soil development is embodied in the concept of a
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Fig 3. Spatial maps of soil properties sampled at 1250 points (centres of 20x20 m grid cells) in the 50-ha plot. A rainfall event modified soil moisture
conditions during sampling; hence only soil moisture data prior to the event (left part of the plot) are shown.

doi:10.1371/journal.pone.0153212.9003

catena, referring to a series of soils along a slope that vary predictably as a result of debris and
moisture flux and varying depth to the water table [62]. The observations in the Mudumalai
50-ha plot were the inverse of classic catena pattern wherein lower elevations are typically
enriched in ions and organic matter due to inputs from higher elevations. Such inverse patterns
have been reported from other SDTFs and have usually been attributed to removal of material
from lower elevations in open catchment conditions [17,22,63]. Topography also affects inci-
dent solar radiation [21], which is highest on southern aspects in the northern hemisphere.
However, regression coefficients of aspect and insolation were small, suggesting their limited
influence at the scale of the plot.

We suggest that the presence of significantly greater Ca, Cu, Mn and Mg at higher elevations
in the Mudumalai plot, representing differences of a factor of 2.3-3.9, is best explained by
whole-rock geochemical differences of parent amphibolite compared to gneiss, that are also
similarly large in magnitude (a factor of 2.1-4.2) (Table 3 and Fig 5). B appears to follow a sim-
ilar spatial pattern as Ca, Mn, Mg and Cu, suggesting that B distribution may also be partly
lithology-driven, although this is a conjecture as whole-rock B data is lacking. An alternate
explanation for the observed B pattern is leaching in the drainage area. Zn shows a similar, but
less clear pattern (Fig 2), which may be partly due to high Zn content in other lithologies such
as charnockites (96+22 mg kg ™), outcrops of which infrequently occurred throughout the plot
(Fig 1). Alternatively, like B, Zn depletion near stream channels (1 SD increase in TWI was
associated with 0.24 SD decrease in Zn) may have resulted from leaching in the drainage area.
Like Zn, TC decreases (-0.37 SD) with TWI, thereby increasing with elevation since TWI and
elevation are negatively correlated. However, the variation in TC is strongly linked to soil tex-
ture, on average being 0.6 SD lower in sandy clay loam soils compared higher-elevation sandy
clay soils. Such a positive correlation between carbon, organic matter and clay content is often
observed (e.g. [17]), and is associated with the ability of clays to bind and protect organic mat-
ter from degradation. TC was also positively correlated with Ca, Mg, Mn, Cu, Zn and B
(Table 2) indicating that the availability of these nutrients is also linked to texture and organic
matter content.
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Fig 4. Spatial maps of topographic, vegetation and fire variables in the 50-ha plot. elev = elevation; slope = slope inclination; east = slope aspect
(“eastness”); north = slope aspect (“northness”); curv = curvature; insol = insolation; twi = topographic wetness index; ba.fabaceae = basal area of woody
Fabaceae species; fire = fire frequency (times burnt during 1988—2004). Elevation is in m; slope is in radians; insolation is in kWhm; fire is in 17 y.

doi:10.1371/journal.pone.0153212.9004

Table 3. Comparison of bedrock composition [39] and plant-available ions in soils.

Amphibolite Gneiss Bedrocks Amphibolite-outcrop Gneiss-outcrop Soils amphibolite:
bedrocks (n = 24) bedrocks amphibolite: gneiss dominated soils (n = 18) dominated soils gneiss ratio
(n =54) ratio (n=19)

Ca 61989+10763 1883719195 33:1 4271+991 1875+510 23:1

Mn 1600+260 377175 4.2:1 162144 4517 36:1

Mg 3521917918 1692617292 2.1:1 382+129 163175 23:1

Cu 117147 55+47 2.1:1 5.02+1.27 1.29+0.48 3.9:1

Zn 141+22 55+20 26:1 2.77+0.9 2.07+0.9 1.3:1

Al 103700+7862 106912+6486 1:1 180189 120+38 1.5:1

P 511+179 446+112 1.1:1 4.7614.62 21.45+28.22 1:4.5

Fe 102700+16556 33565+11764 3.1:1 189+33 219+48 1:1.2

K 2257+1198 976614033 1:4.3 1441106 189184 1: 1.3

All values are mean = 1 SD in mg kg™

doi:10.1371/journal.pone.0153212.1003
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doi:10.1371/journal.pone.0153212.9005

Plant-available Al and Fe

Regional amphibolite contains significantly greater Fe (10.27£1.66%) than does gneiss (3.36
+1.18%), whereas there is no such contrast in Al (amphibolite: 10.37+0.79%; gneiss: 10.69
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Table 4. Summary of topographic and vegetation predictor variables used in soil variable
regressions.

Variable Mean SD

Elevation (m) 958.27 25.97
Slope inclination (radians) 0.21 0.06
TWI 8.51 1.07
Curvature 0.00 0.83
Insolation (kWm2) 1911.96 40.02
Slope aspect “eastness” 0.14 0.75
Slope aspect “northness” -0.24 0.60
Smoothed basal area of Fabaceae trees in 2004 0.63 0.62
Smoothed basal area of Fabaceae trees in 2012 0.57 0.58

SD = standard deviation; All variable values are for 10x10-m quadrats.

doi:10.1371/journal.pone.0153212.t004

+0.65%). Soil Fe and Al were similar in amphibolite- (Fe: 189+33; Al: 180+89; mg kg™') and
gneiss-outcrop (Fe: 219+48; Al: 120+38 mg kg™') dominated patches. Low mobility of Fe in
current sub-humid conditions may explain why, contrary to what is observed for base cations,
the three-fold variation in bedrock Fe is not reflected in soil Fe, the latter also being poorly
explained by topographic, vegetation and fire variables in the regressions. Dissolution of Fe
takes place by protonation, reduction and complexation [64]. Studies from neighboring Mule
Hole suggest that water tables in the region remain several meters deep [65,66], although sea-
sonal perched water tables do form in valley-bottom black soils during the monsoon, resulting
in reducing conditions in portions of the watershed [67]. If similar conditions exist at our
study site, reducing conditions probably do not occur for the bulk of the year and in most parts
in the plot. In addition, concentrations of dissolved organic carbon (DOC) in soil pore waters
in Mule Hole are relatively low [68]. Fe is not expected to be mobile under these conditions of
close to neutral pH (6.68+0.35), well-drained soils and low DOC. The solubility of Al would be
similarly limited under these pH and DOC conditions, and its spatial variability within the plot
was largely controlled by pH (1 SD increase in pH was associated with 0.43 SD decrease in Al)
and soil texture (Fig 5).

Plant-available N, P and K

None of these nutrients are significantly correlated with TC, indicating that their availability in
soil is not linked with organic matter content of the soil. Because bedrock N was not character-
ized, soil N variation in the plot arising from variation in lithologies [69] is unknown. Symbi-
otic N-fixing tree species are known to increase soil N in their vicinity (e.g. [25]) through
decomposition of N-rich litter [70]. Global data from the tropics show that N-fixing tree spe-
cies in general [71], and Fabaceae (a family known to have several N fixing species) in particu-
lar [72], have greater foliar N compared to other tree species. However, basal area of trees
belonging to the family Fabaceae was not significantly associated with higher content of either
form of mineral N. Apparently N inputs from these trees do not dominate other sources of soil
N at the scale considered, although the lack of a relationship may also be due to nitrate leaching
in the drainage area (Fig 2). Another potential confounding factor is the observed W-E gradi-
ent in mineral N, particularly NH,*-N, which may have resulted from changing soil N stocks
during our sampling—studies in northern Indian SDTFs have shown that N-mineralization
and nitrification rates peak during the monsoon (mineralization rates of up to 48.5 mg kg™*
month ™ and nitrification rates of up to 28.3 mg kg! month™' have been reported, compared to
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mean NH,"-N of 8.73 mg kg™' and NO;™-N of 2.64 mg kg ' in our study plot), during which
time plant uptake is also maximized through proliferation of fine roots [20,73,74].

Amphibolite P content (0.05+0.02%) was similar to that of gneiss (0.04+0.01%), and soil P
in patches dominated by either rock type did not appear to differ significantly (amphibolite:
4.76+4.62; gneiss: 21.45+28.22; mg kg ™). However, soil samples in the plot show distinct
SW-NE trending P-rich patches (Fig 2). Such a pattern can potentially result from variation in
bedrock lithology not revealed by the present outcrop survey, such as the presence of pegma-
titic veins that are known to occur in the region [37]. The high stem density of a dominant can-
opy tree, Lagerstroemia microcarpa Wt. (Fig 4), in these P-rich patches suggests an alternate
explanation for this pattern, namely that soils under L. microcarpa canopies could be enriched
by P-rich litterfall. Although we did not test for soil-tree associations at a species level in the
present study, the latter explanation seems unlikely considering the fact that (a) L. microcarpa
>1 cm DBH were absent from some P-rich patches throughout the 17-year study period, and
(b) the range of leaf litter P across tree species from southern Indian moist deciduous forests,
which included L. microcarpa and six other species that occur at our study site [75], is far lesser
(0.034-0.077%, a factor of ~2) than the observed variation in soil P in the plot (0.0001-
0.0131%, a factor of ~112). Moreover, the range of foliar P of tropical tree species reported in
global reviews does not exceed a factor of ~20 [71,72].

Charnockite samples from the region had the highest K (1.56+0.62%), followed by gneisses
(0.98+0.4%) and amphibolites (0.23+0.12%) (Fig 1). However, the bulk of K in regional
gneisses comes from biotite and sericite (57 and 41% of K,O in gneiss samples, respectively)
[39], of which the former is rapidly lost at the weathering front level, thereby reducing the con-
trast in K across soils developed from gneisses and amphibolites. Additional soil K contrast is
potentially introduced by the presence of charnockites. The factors affecting the spatial pattern
of soil K in the plot remain unclear, although nutrient cycling by vegetation may play an
important role considering the rapid uptake and high mobility of K in plants [54].

Texture, moisture and pH

Soil texture was significant in regressions for TC, Mg, Cu, Ca, Al and Mn. The observed varia-
tion in texture may itself be linked to variation in parent material, particularly the two-fold
greater Mg content in amphibolite lithology (Fig 1), which would favor smectite formation and
vertic properties of soils [57].

Despite the presence of sandy clay texture in the central, low-elevation region of the plot
(Fig 3), there is an absence of obvious clay-rich accretion zones at lower elevations. Such zones
are expected to result from downslope fluxes of water and debris that cause nutrients and finer
particles to accumulate at toeslopes and in depressions over time [12,76-78]. Lack of clay
accretion zones in surficial soils at lower elevations could be explained via several processes:
movement of clay down the profile, clay decomposition due to leaching out of Fe in alternating
redox cycles [18]—particularly at the end of the rainy season, as has been observed in Mule
Hole [67], and the open-catchment condition. The presence of reducing conditions in some
regions at the edges of the stream channels is suggested by predominatly yellowish hues (2.5Y,
5Y) and low chroma (2) (Fig 3) [12].

Soil moisture variation was most likely driven by the greater water-holding capacity of
sandy clay compared to sandy clay loam (Fig 3), although soil texture was not statistically sig-
nificant in the moisture regression possibly due to the smaller sample size. The fire variable we
used (times burnt during 1988-2004) was significantly associated with moisture: each addi-
tional year a quadrat was burnt was associated with a decrease in soil moisture by 0.18 SD (Fig
5). This association appears to be a spurious and is strongly influenced by the 2004 fire that
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was largely confined to a patch northwest of the valley, which also happens to have lower soil
moisture at the surface due to the prevalence of sandy clay loam. Although widely observed in
forest-fire studies, it seems unlikely that the decrease in soil moisture with frequent burning is
related to fire-induced water repellency in soil, which is caused by vaporization and downward
movement of hydrophobic substances [79]. During fires, soil temperatures 1 cm below the sur-
face rarely reach 175-200°C in these forests [80], the range within which water repellency is
maximized, and the effect of low severity fires on water repellency is typically short-lived [79].
Soil pH peaked at intermediate elevations and, despite its limited variation in the plot, was
also associated the availability of B, K, Ca, Zn, Mg, Mn and both forms of mineral N (Fig 5).

Geological and climatic context

Soils in our study site are less acidic, have much greater Ca and K content, and much lesser Al
content compared to values reported from forest plots in the wetter tropics in Panama, Ecua-
dor and Malaysia that used identical soil sampling protocols [5] (S4 Appendix). Contrary to
wet tropical environments where all primary minerals but quartz are leached out of the soil
and in arid environments where soil development is minimal, the sub-humid conditions pre-
vailing in the present study site and neighboring Mule Hole watershed favor the presence of a
significant fraction of cation-bearing minerals such as Na-plagioclase, smectite, chlorite and
epidote in the soil layer [40,81]. For example, the large variation in bedrock Ca (amphibolite:
6.2+1.08%; gneiss: 1.88+0.92%) is reflected in soil Ca differences (amphibolite: Ca: 4271+991;
gneiss: 1875510, mg kg™'), suggesting that most of soil Ca variation is controlled by bedrock.
High evapotranspiration rate in regional SDTFs [65,66,82] induces rapid oversaturation of the
soil solution, limiting chemical weathering [83-85]. Wet-season nutrient loss due to leaching
may be further reduced in SDTFs due to immobilization in microbes [86] as well as retention
by plants [87]. Intense leaching of base cations in wetter forests should therefore result in a
much weaker bedrock signature on in situ soils, although bedrock influence on vegetation can
potentially still manifest at sites with deep- rooting plants or sites experiencing tectonically-
driven erosion or fluvial erosion [88-90]. Rainfall and parent material may also determine the
strength of topographic signature on soil heterogeneity: Khomo et al. [91] studied southern
African granitic catenas in arid, semi-arid and sub-humid zones and concluded that heteroge-
neity of clay and base cations in catena soils peaked in the 400-800 mm annual rainfall range.
In drier sites, distinct catena elements did not emerge, whereas in wetter sites, the bulk of the
hillslope was highly leached, with only a narrow clay-accumulation zone occurring at toeslopes.
The authors suggested that catenas underlain by more matfic or more felsic parent materials
may differ in their mode of development. Topography undoubtedly plays an important role—
albeit secondary to parent material, given the smaller regression coefficients—in generating
soil spatial variability in this SDTF, as attested by the significance of topographic variables
including slope inclination, aspect and curvature in the soil regressions.

Three factors appear to have ensured that the signature of bedrock heterogeneity is reflected
in soils, by both direct influence on nutrient stocks and indirect influence via control of local
relief. First, the stripping of lateritic regolith cover during the Cenozoic, as well as ongoing,
periodic tectonic uplift [58] resulted in the rejuvenation of relatively immature, primary-min-
eral rich saprolite. Second, these relatively large nutrient stocks have been protected from
intense leaching, compared to wetter tropics, as a result of present sub-humid conditions.
Third, differential weathering of intermingling lithologies has been partially responsible for
generation local-scale relief that is correlated with lithological variation and acts as a further
control on soil spatial variability.
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