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Abstract

Proxy-based paleoclimate reconstructions provide climate data extending back to
thousands to millions of years. These reconstructions not only contribute to our understanding of
the past climate but also play a crucial role in validating climate models that can be used to project
future climate changes. For past precipitation reconstructions, a variety of climate proxies are used.
However, the reconstructions are often qualitative, limiting their applicability. To quantify past
precipitation variability, it is essential to apply a transfer function to the climate proxies. This
requires characterization of the response of the climate proxies and the establishment of an
empirical relationship between their response and concurrent precipitation. This thesis work
focuses on characterizing various plant-derived isotope proxies widely utilized for past
precipitation reconstructions, viz. (i) the hydrogen isotopic composition (6D) of leaf wax n-alkanes
and n-alkanoic acids, (ii) plant-derived carbon (§'3C) and 8D isotopes in soil and plants. The

emphasis is on characterization of the plant-derived proxies from the tropical climate.

Quantifying the hydrogen isotope fractionation between leaf wax compounds and source
water (eq,p) is @ prerequisite for leaf wax-based paleo-hydrological studies. However, the
characterization of the &,,,, values, mostly done in field-based studies, are predominantly carried
out in northern mid-latitude regions as compared to that in the tropics. Further, the &4, values
estimated in field-based studies are often associated with inherent uncertainties that could stem
from (i) incorrect source water 3D values, (ii) species-effect, and (iii) varying climatic conditions
(as in transect studies). Hence, to characterize the g, values in the tropics and to decouple the

factors affecting the variability of an outdoor experiment was conducted wherein four

€app»
evergreen and three deciduous angiosperm trees were grown under similar climatic conditions for
85 days with water of known 6D value (—2%o). The &4, values in the studied species were —119
+ 23%o (n = 14) for n-alkanes and —126 + 27%o (n = 12) for n-alkanoic acids of chain lengths Ca:
and Cso, respectively. Inter-species variabilities in g, values that are consistent with previous
field and transect studies were observed. As the plants were grown under similar climatic
conditions and irrigated with water of the same 8D value, the variability in &,,,, values observed

here suggested that the species-specific hydrogen isotopic fractionation likely has a dominant

control over the uncertainty in the community-averaged &,,,values. Further, the &4, values of

Xvii



deciduous and evergreen species showed no systematic differences, suggesting that changes in the

relative proportion of these taxa may not affect the community-averaged e,,, and the

reconstructed 8D values of paleo-precipitation in angiosperm tree-dominated catchments.

The climatic parameters controlling the hydrogen isotope composition (D) of leaf-wax n-
alkanes and n-alkanoic acids, used widely in paleohydrologic research, are fairly known. However,
the climatic parameters of exactly which period (i.e. early or entire period of the leaf’s lifespan)
these biomarkers represent is unclear. A longer duration experiment was conducted, wherein,
tropical deciduous and evergreen species were grown with the normal (8D = —2%o) water followed
by the isotopically-labeled water (3D = 1000%.) during a growing season. The observed
differences between the 8D values of n-alkanes (and n-alkanoic acids) of the leaves collected later
and prior to the application of the isotopically-labeled water were 38 + 38%o (and 32 + 42%o).
These differences were much smaller than the corresponding expected differences that varied from
272 £ 11810 547 + 127 for n-alkanes and 272 + 118 to 547 + 133%o. for n-alkanoic acids, indicating
insignificant (7-9%) production of these biomarkers in the mature leaves of deciduous and
evergreen species. The 8D analysis of n-alkanes and n-alkanoic acids of new leaves emerging
during the next growing season in deciduous species indicated minor incorporation of the previous
year’s photosynthates in the leaf wax pool of the current year’s mature leaves. The overall positive
correlation between the 5D values of n-alkanes and n-alkanoic acids (r?= 0.7, n = 60, p < 0.05)
indicated synchronous synthesis of these biomarkers. Unlike inferences from extra-tropical
studies, this work suggests the D records of both biomarkers are biased towards the climatic
conditions prevailing during the early stages of the leaf’s growth. The climate models aimed at

reproducing the leaf wax 6D-based hydroclimatic reconstructions should consider this bias.

Precipitation plays a crucial role in controlling the §*3C and D values of plants. The
organic matter derived from plants, when integrated into the soil and sedimentary archives, carries
valuable information about past precipitation conditions. In this study, the possibility of
establishing a relationship between various plant-derived isotopic proxies and precipitation
amount was explored along a precipitation gradient ~500 to 3700 mm/yr in western peninsular
India. It was observed that the 5'C values of soil organic matter (5*Csom) and n-alkanes (8**Cai)
in soil exhibited a negative correlation with the precipitation amount. The calibration equation

derived from §'*Csom values and precipitation amount provides a means for past precipitation

XViil



reconstruction from §*3*Csom values of paleosols in western peninsular India. The 5*3Ca values of
different n-alkane homologues in soil correlated negatively with the precipitation amount, as did
the 8'3Csom; measurement of 3'*Cai values in soil (which is analytically more challenging) may
not be necessary for paleo precipitation reconstruction, as their interpretations would yield
outcomes similar to that derived from the §*Csom studies. The 8D values of n-alkanes (5Dai) in
soil showed a positive correlation with precipitation amount, contrary to the expected negative
correlation arising due to the ‘amount effect’ in tropical precipitation. This discrepancy indicated
the influence of local vegetation composition (i.e. tree vs grasses) on the measured dDai values in
soil. Therefore, a vegetation composition correction might be necessary before reconstructing the
3D values of precipitation from the measured 8Daik values in various archives. The §*3C values of
Cs4 grasses were positively correlated with precipitation amount indicating an influence of
precipitation on the end-member §'3C values of C4 grasses. However, the observed sensitivity for
this dependence was low: 0.07 + 0.03 %o per 100 mm of precipitation. The low sensitivity implies
that minor fluctuations in precipitation amount may not significantly impact the 83C values of C4
grasses. In such cases, the use of uncorrected (i.e. modern) §*3C values of C4 grass end-member
may not introduce significant error in the vegetation reconstruction studies from western

peninsular India.
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Chapter 1
Introduction



1.1 Introduction

Sustained global warming is anticipated to have far-reaching effects on the Earth's climate
system. It has been predicted that global warming will increase the variability of precipitation,
extreme wet and dry weather, climate events and seasons in the future (IPCC, 2023). The
assessment of climate models employed for projecting future climate scenarios is often based on
their capacity to reproduce past climate conditions (Flato et al., 2013). By assessing their
performance in replicating past conditions, efforts can be made to refine and improve these models,
making them valuable tools for understanding and addressing the complex challenges posed by
climate change. To capture the full range of past climate variability, researchers rely on a
combination of short instrumental records and paleoclimate data (Armstrong et al., 2020).
Instrumental records, which typically span the last century, provide a detailed and accurate account
of climatic parameters such as temperature, and precipitation at a high temporal resolution.
However, instrumental climate data is of too short duration to assess the natural climate variability;
it also cannot reveal climate during different mean states of climate. This necessitates the need to
have pre-instrumental climate data. Proxy-based paleoclimate reconstructions provide climate data
extending back to thousands to millions of years, thereby increasing the temporal scope of climate

analysis.

For past precipitation reconstructions various marine and terrestrial climate proxies have
been used. The marine proxies mainly constitute the chemical composition of marine sediments
(Haug et al., 2001; Hendy et al., 2015; Martinez-Ruiz et al., 2015, Du et al., 2021) and the isotopic
composition of corals (Sun et al., 2005; Shen et al., 2005), foraminifera (Burton and Vance, 2000;
Tiwari et al., 2006). The terrestrial proxies such as the isotopic composition of stalagmites
(McDermott, 2004; Mattey et al., 2008; Dayem et al., 2010; Cai et al., 2015), leaf wax derived
biomarkers (Hou et al., 2008; Sachse et al., 2012; Feakins et al., 2016) and tree-rings (Managave
etal., 2011; Morales et al., 2012; Yang et al., 2014) have been used. Pollen assemblage preserved
in sediments has also yielded information on past precipitation (Guiot et al., 1993; Bonnefille and
Chalie, 2000; Chevalier et al., 2020).

Although the climate proxies have yielded important information about the past climate

variability and factors controlling it, the qualitative nature of the reconstructed climate has been



one of the limitations. The quantitative reconstructions of past climate not only help to assess the
extent of variation in the past climate but also provide an opportunity to test the veracity of the
climate models (Haywood et al., 2019; Liu et al., 2020). To quantify the past precipitation
variability, the transfer or calibration functions (Rozanski et al., 1997; Ramesh, 2001) are
necessary. The estimation of transfer or calibration functions often involves establishing an
empirical relationship between the response of the proxies and concurrent precipitation
(Terwilliger et al., 2008; Feakins et al., 2016; Stein et al., 2021). However, regional climate
variations and their effect on various proxies can influence the transfer functions in different
geographical areas. This underscores the necessity for region-specific calibrations between proxies

and climate variables.

One of the important utilities of proxy-based past climate reconstructions is in testing the
veracity of climate models by checking whether the models correctly reproduce the reconstructed
past climate variability. Before such validation exercise is carried out it is important to know the
climate of which season the proxy-based reconstructions represent. The correlation of yearly
response of the climate proxies which are annually resolved (e.g. tree-ring width) with monthly
climate parameters (such as temperature or precipitation) of concurrent years often reveals that the
former do not reflect annual climatic conditions but conditions during certain month(s) (Fritts et
al., 1991). This bias towards the climatic conditions of a particular season is called seasonality in
the proxy response. However, because of the limited span of instrumental climate records, an
alternative approach is needed to decipher the seasonality in the proxies revealing centennial-scale
variability (e.g. the hydrogen isotopic composition (6D) of the leaf wax compounds in lake

sediments).
1.2 Leaf wax compounds

Plant leaf wax compounds are useful proxies for providing insights into the past climate
(Liu and Huang, 2005; Tierney et al., 2008; Hren et al., 2010; Tipple and Pagani, 2010; Collins et
al., 2013). The outer surfaces of plant leaves have a protective cuticular wax layer which is a
complex mixture predominantly comprised of various long-chain compounds such as n-alkanes,
n-alkanoic acids, n-alkanols, phytol, sesquiterpenes (Chikaraishi et al., 2004). These compounds

are preserved in a variety of geological archives, including lake sediments, peat bogs, and marine



sediments. The widespread occurrence of leaf wax compounds in terrestrial plants, their resistance
to degradation (Bush and Mclnerney, 2013) and isotopic exchange below 100°C (Sessions et al.,
2004) makes them suitable for studying past climate changes over different spatial and temporal
scales.

1.2.1 6D of leaf wax n-alkanes and n-alkanoic acids

The 8D values of leaf wax n-alkanes and n-alkanoic acids reflect the 8D values of
precipitation (3Dprecip) (Sachse et al., 2012; Tipple and Pagani, 2013; Feakins et al., 2016) which
is used to estimate the variability in past precipitation amount and atmospheric circulation
(Konecky et al., 2011; Feakins et al., 2019; Ghosh et al., 2020; McGrath et al., 2021, Managave et
al., 2023). The oD signature of water taken up by plants from soil is influenced by dD value of
precipitation. The transported water is then utilized for the synthesis of leaf wax n-alkanes and n-
alkanoic acids. However, several steps involved in the process fractionate the hydrogen isotopes
(Sachse et al., 2012) (Fig. 1.1). The source water undergoes evaporative enrichment in deuterium
in the leaf during transpiration; the extent of enrichment depends mainly upon the relative humidity
and leaf temperature (Roden et al., 2000). The final leaf water that is used in the synthesis of
organic molecules, the biosynthetic water pool, is the mixture of evaporatively enriched leaf water
and the xylem/source water. Finally, the synthesis of n-alkanes and n-alkanoic acids leads to the
isotopic fractionation that favors hydrogen over deuterium. The net fractionation between the
source water and leaf wax n-alkanes and n-alkanoic acids 8D values is termed as apparent

fractionation (g4p)-

+6D

Leaf water
Evaporative Biosynthetic
enrichment water pool
Source water
Apparer.l[ Biosynthetic
fractionation fractionation
(grrp;u) (Ebia)
-8D ‘ Leaf wax n-alkanes and n-alkanoic acids

Fig. 1.1 Schematic illustration of 8D fractionations during leaf wax synthesis.
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1.2.2 &4y, of leaf wax n-alkanes and n-alkanoic acids

For quantitative assessment of paleo-precipitation variability or atmospheric circulation, a
reliable estimation of the hydrogen isotopic fractionation between the leaf wax compounds and

precipitation (g,,,) is essential.

Previous field (Chikaraishi et al., 2004; Hou et al., 2007; Sachse et al., 2009; Gao et al.,
2014; Sachse et al., 2015; Freimuth et al., 2017; Huang et al., 2018) and transect studies (Sachse
et al., 2006; Feakins and Sessions, 2010; Tipple and Pagani, 2013; Feakins et al., 2016; Berke et
al., 2019; O’Connor et al., 2020) have reported &, values of different climatic regimes. However,
not only the factors influencing uncertainty associated with &g,,,, is not constrained well but also
the global &,,, dataset is strongly biased towards Northern Hemisphere mid-latitude biomes
(Sachse et al., 2012). The estimation of &,,,, values for n-alkanes and n-alkanoic acids at a local

and regional scale is desired for reliable reconstruction of paleo-precipitation 3D values (Feakins
and Sessions, 2010; Daniels et al., 2017; Berke et al., 2019; Liu and An, 2019; Corcoran et al.,
2022). Fewer studies encompassing different regions of tropical latitudes exist (Fig. 1.2). Using

£qpp Values of Northern Hemisphere mid-latitude biomes might lead to a systematic bias in the

reconstructed dDprecip Values at tropical biomes.

—150° -100° -50°

Fig. 1.2. Distribution of plant leaf wax n-alkanes (blue circles) and n-alkanoic acids (red squares)

hydrogen isotope studies. The star symbol marks this study. Data source: Sachse et al., (2012);
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Yang et al., (2021); Duan et al., (2014); Feakins et al., (2016); Friemuth et al., (2017); Griepentorg
et al., (2019); Liu and An, (2019); Roy and Sanyal., (2022).

The estimation of £g,,,, values involves measuring the 6D values of leaf wax compounds
and contemporaneous precipitation/source water (Hou et al., 2007; Pedentchouk et al., 2008;
Sachse et al., 2009; Tipple and Pagani, 2013; Daniels et al., 2017; O’Connor et al., 2020). In most
studies where &,,,, values of modern vegetation were reported, the source water 5D values were
assumed to be similar to that of environmental water bodies i.e., lakes, streams, rivers and
groundwater (Douglas et al., 2012; Duan et al., 2012; Freimuth et al., 2017; Daniels et al., 2017).
Studies (Li et al., 2019; Corcoran et al., 2022) have also considered the interpolated 5Dprecip Values
derived from the Online Isotopes in Precipitation Calculator (OIPC) (Bowen and Revenaugh,
2003) that uses the Global Network of Isotopes in Precipitation (GNIP) data. However, estimated

Eqpp Values may show systematic offsets due to the assumption of the incorrect source water 6D

values which could stem from interpolation of dDprecip Values (Ladd et al., 2021). The depth-
dependent variation in the 8D values of soil water (White et al., 1985; Garcin et al., 2012) and
limited knowledge about the rooting depth of different plant species might also lead to an
assumption of incorrect source water 8D values. These limitations underscore the need for
experimental work using source water with known 6D values for determining the absolute &, of

a region.

In addition to 8D values of the source water, the &4, Values are affected by (i) the species
effect (i.e., the influence of a given species on the extent of evaporative enrichment of the leaf
water in deuterium, and on the isotopic fractionation between leaf water and leaf wax compounds;
the latter called as biosynthetic fractionation, &,;,) and (ii) ambient climatic conditions such as
relative humidity. Differences in leaf phenology, morphology and stomatal characteristics
contribute to differential leaf water enrichment (Grice et al., 2004; Smith and Freeman, 2006; Liu
and Yang, 2008; Diefendorf et al., 2011; Gao et al., 2015). The plausibility of ¢;;, influencing
community-averaged g, values has also been realized (Gamarra et al., 2016). Relative humidity,
leaf temperature and the isotopic composition of atmospheric water vapor also influence the
enrichment of the heavier isotopes in the leaf water (Flanagan et al. 1991; Farquhar and Lloyd,

1993) and consequently the ¢4, values. In transect studies, where both plant species, as well as



external environmental conditions, vary, assessing the relative influence of the species effect and
external conditions on &4, is often challenging. Hence, an experimental study involving different
plant species grown under similar environmental conditions and with water of known 8D value

may better constrain the species effects on the &,,,, values.

The global dataset on 6D value of the leaf wax compounds is also biased towards n-alkanes
(Sachse et al., 2012). Only a few studies have dealt with both n-alkanes and n-alkanoic acids in
the leaf waxes of the same plants (e.g., Chikaraishi and Naraoka, 2007; Feakins et al., 2016;
Freimuth et al., 2017; O’Connor et al., 2020; Yang et al., 2021). It has been suggested that n-
alkanes preserve climate signatures of the early growing season and n-alkanoic acids preserve
signatures of the entire growing season (Freimuth et al., 2017; Yang et al., 2021). Knowing the
£qpp Values of both n-alkanes and n-alkanoic acids could provide us with the past seasonal as well
as annual hydroclimatic variability. Furthermore, in the absence of site-specific &4, values of n-
alkanoic acids, &4, values of n-alkanes and an average alkane-acid offset occurring during
biosynthesis reported for a different region have often been used (e.g. in Konecky et al., 2016).

Therefore, direct estimation of &,,,, of different leaf wax compounds and their offset for a given

biome would further enhance the robustness of reconstructed dDprecip Values from that biome.

The influence of monsoonal rainfall on the Indian economy is well-established (Mooley &
Parthasarathy, 1983; Gadgil, 2003). Understanding of the rainfall variability during different mean
states of climate in the past can help in constraining the response of monsoonal rainfall to the
current climate change. Various proxies have been used to reconstruct past monsoonal rainfall
variability (Morrill et al., 2003; Ramesh et al., 2010; Misra et al., 2019; Banerji et al., 2020). The
importance of leaf wax 6D as a proxy for reconstructing past monsoonal variability has been
highlighted (Sarkar et al. 2015; Ghosh et al., 2020; McGrath et al., 2021; Managave et al., 2023).
However, the lack of region-specific €, values has hampered the accurate estimation of Dprecip
(Mangave et al., 2023). Further, studies based on pollen records have reported vegetation shifts
between evergreen to deciduous taxa (Kumaran et al., 2013; Prasad et al., 2014) owing to
monsoonal rainfall variability. The effect of such a shift in the vegetation on community-scale

Eqpp Values is not known.



1.2.3 Seasonality in leaf wax oD records

The 8D values of leaf wax n-alkane (Liu and Huang, 2005; Hren et al., 2010; Tipple and
Pagani, 2010; Collins et al., 2013; Ghosh et al., 2020) and n-alkanoic acid (Tierney et al., 2008;
Konecky et al., 2011; McGrath et al., 2021; Managave et al., 2023) have been extensively used for
reconstruction of centennial to millennial-scale climate variability. The 8D variability of past
precipitation have been reconstructed employing these biomarkers (e.g. Konecky et al., 2011;
Feakins et al., 2019; McGrath et al., 2021; Managave et al., 2023). Various isotope-enabled Global
Circulation Models (GCMs) can simulate water isotopic composition of the precipitation (Sturm
et al., 2010). The leaf wax-based reconstructed dDprecip Values thus allow validation of the outputs
of the isotope-enabled GCMs simulations (Knapp et al., 2022). The leaf wax-based reconstructed
dDprecip Values could potentially be used to test the outputs of water-isotope-enabled global
circulation models [e.g. ECHAMS5-wiso (Werner et al., 2011); isoGSM (Yoshimura et al., 2008);
CAMBSiso (Sturm et al., 2010), SPEEDY-IER (Dee et al., 2015), CAM5 (Nusbaumer et al., 2017),
LMDZ-iso GCM (Risi et al., 2010)].

However, ambiguity exists regarding the seasonality in these records. Sachse et al., (2010)
and Tipple et al., (2013) have reported the early growing season bias i.e. the 3D record reveals the
climatic conditions prevailing during the early growing season whereas Huang et al., (2018) and
Sachse et al., (2009) suggested that the dD records integrate the climate conditions of the entire
growing season. Further, a few studies (Freimuth et al., 2017; Yang et al., 2021) have observed
the 5D records of n-alkanes are biased toward the early growing season whereas, that of n-alkanoic
acids are not biased towards any particular season. The effect of carryover of photosynthates
(Sessions, 2006; Tipple et al., 2013) from the end of the growing season of a year to the beginning
of the growing season of the next year on seasonality is not fully known. The effect of vegetation
type (i.e. deciduous vs evergreen) and climatic regime (i.e. temperate vs tropical) on the seasonality

in the 8D records of n-alkanes and n-alkanoic acids is also not clear.

The leaf wax compounds are known to reflect 6D values of the source water (Feakins et
al., 2016; Tipple and Pagani, 2013; Sachse et al., 2012) and ambient climatic conditions (Smith
and Freeman, 2006; Feakins and Sessions, 2010; Tipple et al., 2015) prevailing during their
synthesis. Therefore, the timing of n-alkanes and n-alkanoic acids synthesis in the leaf determines



the climate of which season their 6D records preserve (Kahmen et al., 2011; Sachse et al., 2015;
Huang et al., 2018). The seasonal variation in the abundance of leaf wax compounds and their
isotopic compositions can be used to reveal the timing of leaf wax production (Tipple et al., 2013;
Yang et al., 2021). However, the utility of the former in this context is limited as is it affected by
factors such as wind ablation (Freimuth et al., 2017), temperature stress, intense UV radiation and
insect attacks (Shepherd and Griffiths 2006; Jetter et al., 2006). Temporally varying 6D values of
the leaf wax compounds have been used to reveal seasonality in their production (Tipple et al.,
2013; Freimuth et al., 2017; Huang et al., 2018; Yang et al., 2021). However, the leaf wax 6D
variability in the periodically sampled leaves that flushed together could stem from the inter-leaf
dD variability (up to 38%o; Hou et al., 2007) and/or synthesis of the new wax (with different 3D
values). When the former is larger, the leaf wax 8D variability in the periodically collected leaves
may not unambiguously prove the production of new leaf wax. Further, in a region where the
factors controlling 8D values of the leaf wax compounds do not vary significantly (e.g. aseasonal
tropical forest), a constant 6D value of the leaf wax compounds might not rule out continuous

synthesis of the leaf wax.

The efficacy of the experiments involving isotopically-labeled source water in studying
seasonality in the production of n-alkanes in a tree (Kahmen et al., 2011) and n-alkanes and n-
alkanoic acid in a grass (Gao et al., 2012) has been demonstrated. A short-duration (50 days)
experiment on one temperate tree species, wherein a pulse of tracer water was applied for 7 days,
showed that the n-alkane pool, once formed, does not change subsequently (Kahmen et al., 2011).
However, experiments of longer duration are necessary to assess the production of n-alkane and
n-alkanoic acids in mature leaves if the turnover rate of these compounds is slow. Further, the
suggestion that n-alkanes and n-alkanoic acids reflect climatic conditions during the early and
entire growing seasons, respectively (Freimuth et al., 2017; Yang et al., 2021) has not been verified

in experimental studies.

As with the investigation that estimated &,,,, most of the investigations regarding

seasonality in n-alkane and n-alkanoic acid 8D records have been carried out in temperate (Sachse
etal., 2009; Sachse et al., 2010; Tipple at al., 2013; Freimuth at al., 2017) and sub-tropical regions

(Yang et al., 2021; Huang et al., 2018); seasonality in tropical 6D records is not known.



1.3 Plant-derived climate proxies and their relationship with precipitation
1.3.1 Carbon isotopes of Cz and C4 plants

The two major categories of vegetation are C3 and C4 plants. While the former constitutes
trees, the latter are mostly grasses. For carbon fixation during photosynthesis, these plants use
different pathways: Cs (Calvin cycle) and C4 (Hatch-Slack) pathways. Owing to this, the Cs and
C4 plants fractionate carbon isotopes differently and thus have distinct carbon isotope (5°C)
signatures (Cerling et al., 1997). Typically, the §*3C values of C3 plants vary from —20%o to —37%o
in C3 plants (Kohn, 2010), whereas it varies from —9%o to —16%o in Cs4 plants (Wynn and Bird,
2008).

The atmospheric moisture-influenced factors (such as relative humidity and stomatal
conductance) play a significant regulatory role in controlling the §*3C of plants (Farquahar, 1983;
Weiguo et al., 2005; Cordon et al., 2013; Diefendorf et al., 2010). The precipitation amount
influences relative humidity which in turn controls the stomatal conductance. Hence the
precipitation amount can indirectly influence *3C of plants. Therefore, §**C values of plants have
been utilized for past precipitation reconstructions (Liu et al., 2005; Galy et al., 2008; Youfeng et
al., 2008; Ortiz et al., 2021).

To understand the effect of precipitation variability on §'3C values of plants, many
investigations have been carried out (Weiguo et al., 2005; Swap et al., 2004; Stevenson et al., 2005;
Hartman and Danin, 2010). Typically, the *3C values of Cs plants show a negative correlation
with precipitation amount (Kohn et al., 2010). However, the correlation between 5'3C values of C4
plants with precipitation amounts can be positive (Murphy and Bowman, 2009; Basu et al., 2015),
negative (Ma et al., 2012; Weiguo et al., 2005) or zero (Swap et al., 2004; Hartman and Danin,
2010).

1.3.2. Cz and C4 vegetation composition

The C4 plants can thrive in water-limited ecosystems because of their high water use
efficiency compared to Cs plants. Therefore, the relative proportion of trees and grasses at a

location is influenced mainly by precipitation amount, especially at low altitudes (Sage et al.,
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2003). At the high-altitude sites temperature may exert an additional influence by hindering the

establishment of native trees in the grassland (Joshi et al., 2020).

1.3.3 Carbon isotopes of the soil organic matter (6**Csom) and reconstruction of past vegetation

composition

The organic materials derived from plants are integrated into the soil. Therefore, the §*3C
signatures of plants growing at a location influence the 53C of soil organic matter (63Csom). As
the $13C values of C3 and Cs plants are distinct, the §**Csom values are utilized for reconstructing
past vegetation composition which in turn gives an idea about concurrent precipitation. For
quantitative paleovegetation reconstructions from 3*Csom, an isotope mass balance equation is
utilized (Vidic and Montanez, 2004; Nordt et al., 2008; Yang et al., 2015), with the end members
being the 5'3C values of Cs and Ca plants. However, the end member §!3C values may vary
spatially or temporally, depending on the regional 5!3C values of the plants (Basu et al., 2015) or
variations in 83C values of plants with respect to changes in climate conditions (Wang et al., 2008;
Yang et al., 2015; Sarangi et al., 2021). Selection of appropriate end member 5*3C values requires
the knowledge of region-specific 3*3C values of C3 and C. plants and their variations with climate

parameters including precipitation amount.
1.3.4 Carbon isotopes of long-chain n-alkanes (6*3Cai) preserved in soil

The carbon isotopes of long-chain n-alkanes (5'3Cak) preserved in soil are used to
understand precipitation variabilities (Diefendorf and Freimuth, 2017). The 8*Cax values are
derived from terrestrial plants only and thus are robust representations of the vegetation of a region
compared to §*3Csom, as the latter may incorporate signatures from heterogeneous organic inputs
(Baczynski et al., 2016; Basu et al., 2019). Therefore, establishing a regional quantitative
relationship between the §*3Cai values in soil and precipitation would help in the reconstruction of

past vegetation composition and precipitation.
1.3.5 Hydrogen isotopes of long-chain n-alkanes (dDai) preserved in soil

The hydrogen isotopic compositions of the plant leaf waxes (6Daik) are known to preserve
dDprecip (Huang et al., 2004; Hou et al., 2008; Sachse et al., 2012; Tipple and Pagani, 2013; Feakins

et al., 2016). The dDaik values are integrated into the soil when the plants shed their leaves. Thus,
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the dDaik values preserved in marine and lacustrine sediments have been used extensively to
reconstruct past precipitation isotope variability (Pagani et al., 2006; Shuman et al., 2006;
Niedermeyer et al., 2010; Konecky et al., 2011). Although a large number of studies have
examined plant 6Daik values (Chikaraishi et al., 2004; Sachse et al., 2006; Smith and Freeman,
2006; Hou et al., 2007; Sachse et al., 2009; Feakins and Sessions, 2010; Mclnerney et al., 2011;
Gao et al., 2014; Tipple and Pagani, 2013; Duan et al., 2014; Sachse et al., 2015; Feakins et al.,
2016; Friemuth et al., 2017; Huang et al., 2018; Berke et al., 2019; Griepentorg et al., 2019; Liu
and An, 2019; O’Connor et al., 2020; Yang et al., 2021; Roy and Sanyal., 2022), relatively few
studies have investigated dDak vValues in soil (Chikaraishi and Naraoka, 2006; Krull et al., 2006;
Jiaetal., 2008; Rao et al., 2011; Zech et al., 2015; Hermann et al., 2017; Lu et al., 2020; Aichner
et al., 2021). Depending on the vegetation and climate of a region, the 6Dak values in soil may
vary. Understanding the variability of dDaik values in soil with precipitation amount in a region

can help in their effective utilization for precipitation reconstructions.
1.3.6 Calibrating 6'3C values of the plant-derived climate proxies against precipitation

For calibrating the isotopic composition of the plant-derived climate proxies, modern
plants and soil are sampled from various places and their isotopic response is calibrated against
local precipitation. The correlations between §°C of modern Cs and Ca vegetation with
precipitation amounts have often been leveraged for quantitative reconstructions of past vegetation
(Zhang et al., 2003; Wang et al., 2008; Sarangi et al., 2021) and precipitation amount (Youfeng et
al., 2008) from the §*Csom preserved in sediments and paleosols.

A global compilation of variations of modern §*3Csom values with precipitation amount
has been provided by Stein et al., (2021). However, as the compiled dataset consists of data points
from Cz-dominated ecosystems, the past precipitation using this dataset can be quantified only for
the periods between post-Devonian (~420 Ma) to the Miocene (~23 Ma). Nevertheless, regional
modern §**Csom signatures of ecosystems consisting of both Cs and C4 vegetation have also shown
a significant correlation with precipitation amount (Stevenson et al., 2005, Lee et al., 2005; Ma et
al., 2012; Feng et al., 2008). For utilization of 3*Csowm values as a paleo-precipitation proxy post-
expansion of Cs plants, deriving regional calibrations between modern &Csom values and

precipitation amount are necessary.
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The sites having a precipitation gradient give an opportunity to establish a quantitative
relationship between plant-derived isotopes and precipitation amount (Swap et al., 2004;
Stevenson et al., 2005; Feng et al., 2008; Murphy and Bowman, 2009; Hartman and Danin, 2010,
Kohn, 2010; Ma et al., 2012; Basu et al., 2015). In India, many regional rainfall gradients exist
due to the direction of the monsoon winds (Garrigues, 1999). However, very few isotope

correlation studies (Basu et al., 2015; Kirkels et al., 2022) have been done so far in India.
1.4 Thesis work

The previous sections highlight the importance of paleoclimate studies and underscores the
need for quantitative paleoclimate reconstructions. The stress was given to the isotopic
composition of plant-derived proxies with special emphasis on 6D of the leaf wax derived
compounds and 5'3C of vegetation and SOM. The objectives of this thesis work were (i) to estimate
Eqpp OF tropical plants, (ii) to decipher seasonality in D records of n-alkanes and n-alkanoic acids,
and (iii) to explore the possibility of establishing a quantitative relationship between plant-derived
isotopic proxies and precipitation amount along precipitation gradient.

The following is a brief outline of various thesis chapters.

Chapter 2 deals with the experimental approaches employed to fill the research gaps
highlighted earlier. In the beginning, the details of an outdoor experiment wherein different plant
samplings were grown with water of known isotopic composition are given. This is followed by
the details of the selection of the sampling locations along the precipitation gradient. The chapter
also includes the procedures employed for the extraction and quantification of leaf wax n-alkanes
and n-alkanoic acids from plants and soil samples, along with their subsequent hydrogen and
carbon isotope measurements. The procedure followed for the carbon isotopic measurements of

the bulk soil organic matter and Cs4 grasses is provided.

Chapter 3 characterizes the abundance and isotopic composition of different homologues
of n-alkanes and n-alkanoic acids in tropical angiosperm trees. The intra-species, inter-species and
inter-vegetation type variability in 8D and &,,,, values are reported. The &, values of n-alkanes
and n-alkanoic acids for the tropical species are suggested and the factors affecting the variability

of e, are elucidated. The chapter also discusses the effect of relative variations in evergreen and
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deciduous species in the catchment on the community-averaged &,,,,, values of n-alkanes and n-

alkanoic acids.

Chapter 4 deals with the seasonality issue in the 3D records of n-alkanes and n-alkanoic
acids. The results of an outdoor experiment wherein various tropical species were irrigated with
isotopic tracer (3D ~1000%o) water are discussed. The measured and expected 6D values of n-
alkanes and n-alkanoic acids in mature leaves after application of the isotopically enriched water
are used to assess the seasonality in 8D records. The effect of the transfer of photosynthates from
a year to the next year on seasonality in 8D records of leaf wax derived compounds of deciduous

plants is also discussed.

In Chapter 5, the results and implications of an exercise aimed at calibrating the plant-
derived climate proxies against precipitation are given. The variability in the §!3C, §**Caxand 8Dai
values in soil along a precipitation gradient of ~500-3700 mm/yr in western peninsular India is
reported. Variability in the grass species, and their bulk 83C and §*3Cax along the precipitation

gradient are also reported.
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Chapter 2
Methodology

15



This thesis is focused on characterizing various plant-derived isotope proxies for past
precipitation reconstruction. One of the proxies widely utilized for quantitative assessment of
paleo-precipitation variability is the hydrogen isotopic composition (8D) of leaf wax compounds.
To reconstruct the 6D values of the past precipitation based on the leaf wax 8D records and ensure
their robust interpretation, knowledge of the hydrogen isotopic fractionation between the leaf wax
compounds and precipitation (g,,,) is necessary. As emphasized in chapter 1 (Section 1.2.2), there
Is a necessity to assess the &4, values in an experimental setting. Most of the evaluations of ¢,
values have been conducted in natural field-based or transect studies where uncertainties in &4,
values may arise from inaccurate source water 8D values, species-effect and variations in climate
conditions. Further, the available ¢,,,,, dataset is biased towards northern mid-latitude regions (Fig.
1.2 in Chapter 1). In this study, the assessment of the &,,,,, values of tropical angiosperm trees was
conducted in an outdoor experimental setting. The trees were grown under the same natural climate
condition using water with a known 8D value. This experiment not only served to evaluate tropical

£qpp Values but also helped in recognizing the uncertainties associated with species effect in the

tropics.

For meaningfully using past precipitation conditions revealed from the leaf wax 6D
records, it is crucial to understand the seasonality associated with the leaf wax dD records. Here,
seasonality refers to the biasness of the leaf wax 8D records towards a particular season or time of
the year. Although field studies have been conducted to elucidate seasonality in leaf wax 6D
records, certain limitations are associated with them (detailed discussion in Section 1.2.3 of chapter
1). An effective approach to understanding the seasonality in leaf wax 6D records involves tracking
the period of synthesis of the leaf wax compounds by isotopically labelling the source water. In
this context, here, to monitor the synthesis of new leaf wax compounds, seven tropical angiosperms
were irrigated with normal water for 85 days and subsequently with isotopically-labeled tracer
water (6D ~1000 %o) for 110 days. The rationale behind designing this experiment is discussed in
section 2.1.3. In deciduous plants, photosynthates are transferred from the end of one growing
season to the beginning of the next growing season. The effect of the transfer of photosynthates
on the seasonality of leaf wax 3D records derived from tropical deciduous plants is also explored

in this study. The details of the experiment are provided in section 2.1.
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For the quantitative reconstruction of past precipitation, calibration equations of isotopes
of plants and soil organic matter with precipitation amount are commonly employed. To establish
these equations, plant and soil samples are collected from diverse locations and are correlated with
the local precipitation. Sites featuring gradients in local precipitation present an opportunity to
formulate regional calibration equations. In this study, plant and soil samples were collected along
a precipitation gradient in western peninsular India. The objective was to understand the variability
of (i) the C4 grass species, (ii) 313C values of C4 grasses, (iii) §*Cai values of grasses, (iv) §:*Csom
values, (V) 3Cai values in soil, and (vi) 8Dai values in soil, in relation to precipitation amounts.

The details of the locations of the transect are provided in section 2.2.

Overall, this chapter is organized into four distinct sections. The first section (2.1) provides
a detailed explanation of the outdoor experiment conducted to estimate &, values of tropical
angiosperms and to explore the seasonality associated with the leaf wax 6D records in the tropics.
The second section (2.2) focuses on the geographical locations and the sampling process for plants
and soil along the precipitation gradient in western peninsular India. The third (2.3) and fourth

(2.4) sections are dedicated to analytical protocols employed in this study.

2.1 Outdoor experiment to estimate &,,, values and to understand seasonality associated

with leaf wax 8D records in the tropics
2.1.1 Climate of the experiment site

An outdoor experiment was conducted at the Indian Institute of Science Education and
Research Pune, Pune, India. The experiment site (18°32'44.9"N 73°48'30.0"E) experiences a semi-
arid monsoonal climate with an annual rainfall of ~ 800 mm. The region receives most of its
rainfall during the summer monsoon from June to September during which the relative humidity
is higher (> ~78%) and temperatures vary from 25 °C to 28 °C (Fig. 2.1).

2.1.2 Plants selected for the experiment

Seven angiosperm trees including three deciduous (Tectona grandis, Haldina cordifolia,
Sterculia urens) and four evergreen species (Syzygium cumini, Callophylum inophyllum,

Memecylon umbellatum and Diospyros malabarica) were chosen (Fig. 2.2). These species are

17



found in forests around Pune (Deshpande et al., 1993) and the saplings of them were available in

local nurseries. The plants were approximately 2-3 years old when the experiment commenced.
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Fig. 2.1. Monthly rainfall, temperature and relative humidity in the study area. [Data source:

India Meteorological Department Climatological Normals: (1981 - 2010)]
2.1.3 Concept of experiment design

It is well known that leaves develop a protective layer of wax upon sprouting to mitigate
transpirational water loss. The wax layer is composed of many compounds which are preserved in
soils and sediments. The 8D values of leaf wax compounds reflect the 6D values of water (usually
precipitation) that was utilized for their synthesis and serve as a proxy for past precipitation. A
critical questions arise here are (i) how much hydrogen isotopic fractionation occurs between the
source water (~precipitation) and the leaf wax compounds (g, values) and (ii) if the 3D values
of precipitation vary throughout the year, do the leaf wax dD values capture this variation, or do
they reflect the 8D values of precipitation of a specific period only? Addressing the second issue
entails understanding the period of leaf wax synthesis. If the leaf wax compounds are synthesized
only during a particular period of the year, their 6D values would reflect the 6D values of
precipitation of that particular period. If the leaf wax compounds are synthesized throughout the

growing season, their 8D values would record annually integrated 6D values of precipitation.
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Fig. 2.2. The deciduous [(a) Tectona grandis, (b) Haldina cordifolia, (c) Sterculia urens] and
evergreen [(d) Callophylum inophyllum, (€) Memecylon umbellatum, (f) Syzygium cumini, (g)

Diospyros malabarica] plants studied in the experiment.

In this part of the study, the objective was to answer the two questions raised in the previous
paragraph. We conducted our experiment to primarily study the 6D values of mature leaves of the
tropical angiosperm trees, initially irrigating the plants with normal tap water (6D = —2%o) and
subsequently irrigating them with the deuterium-labeled tracer water (8D = 1000%o). The &4y,
values were determined when the plants were irrigated with normal tap water. Should there be a
replenishment of leaf wax compounds in the mature leaves, their 6D values would reflect the D

signature of deuterium-labeled tracer water.
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2.1.4 Irrigation regimes and sampling
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Fig. 2.3. A schematic illustration of the irrigation regime employed and sampling carried out in
this study. The purple and beige colors indicate the period of application of normal and tracer
water, respectively. After the leaf-shed, the deciduous species were not irrigated for 47 days (from
the 13" of January 2020 to the 29" of February 2020). The squares and circles indicate the day of
collection of the leaves; the associated numbers in the parenthesis indicate the number of trees
sampled on a given day. In the growing season of 2020, new leaves of only deciduous species were

collected.

The plants were grown under similar natural climate conditions and irrigated with the same
source water. Two irrigation regimes were employed in year 2019: the first (from the 19" of May
to the 15" of August) with normal tap water (8D = —2%o) and the second (from the 17" of August
to the 5™ of December) with deuterium-labeled tracer water (5D = 1000%o) (Fig. 2.3). The pots

were properly sealed to avoid an influx of precipitation or groundwater (Fig. 2.4).

The mature leaf samples were collected during both irrigation regimes (Fig. 2.3). The first

set of leaves was collected on the 12™ of August. This set of leaves was utilized to assess the &g,

values of the tropical angiosperm trees. Leaf sampling was continued during the subsequent
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months when the plants were irrigated with deuterium-labeled tracer water. The leaf collection
dates were the 3™ of September, the 22" of October and the 23™ of November. All the four sets of
leaf samples were used to understand the seasonality associated with leaf wax synthesis. The
maturity of the sampled leaves was ensured by their lower position on the stem and periodic

measurement of the leaf length and leaf mass per unit area (LMA) (details in Section 2.1.5.1).

To evaluate the carryover of photosynthates from one growing season to the next in
deciduous species, new leaves emerging at the beginning of the next growing season (i.e. from ~
April to June, 2020) were collected (Fig. 2.3). After 5" December 2019, the plants were irrigated
with the normal water to flush out the isotopically-labeled water from the soil. The shedding of
leaves for different deciduous species happened over a period of ~3-4 months (i.e. from December
to March). The plants were not irrigated for 47 days (from 13" January 2020 to 29" February
2020). We resumed watering with the normal tap water (once in four/five days) during the bud
break period (March for the majority of the plants) (Fig. 2.3).

Fig. 2.4. Pots sealed to prevent the influx of rain or ground water.

2.1.5 Field measurements
2.1.5.1 Leaf maturation

To select the mature leaves in deciduous species, leaf growth measurements (length
measured in one of the fixed dimensions) (Fig. 2.6) and leaf mass per unit area (LMA) analysis
(Fig. 2.5, 2.6) were carried out. The plants took ~10 to 64 days and ~32 to 82 days for attaining
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saturation in leaf growth and LMA, respectively. The tracer water was applied 145 days after the
leaf flush in the majority of the plants which was greater than the periods the plant took to attain
maturity. In the case of evergreen species, thicker leaves lying at a lower level on a branch were
considered mature and were sampled.

€

e

(a)

(b)

Fig. 2.5. Multiple parts of the leaves sampled to ensure the representative LMA value. For

example, (a) Haldina cordifolia, and (b) Sterculia urens.

2.1.5.2 Climate and leaf parameters

If the plants utilized the deuterium-labeled tracer water to synthesize new leaf wax
compounds, they would show enriched 3D values of leaf wax compounds. To calculate the
expected 8D values of leaf wax compounds, it was essential to model the leaf water 6D values.
The modelling process relied on measurements of various climate and leaf parameters across

various months.

Relative humidity data were obtained from a nearby (~1 km) Indian Meteorological
Department (IMD) station records while temperature was measured in the field using a
thermometer (Table 2.1). The stomatal conductance was measured using a leaf porometer
(Decagon SC-1) (Table 2.2). The correlation between the air and leaf temperature for various
plants established using thermistors (Ecomatik LAT-B2) was used to estimate the leaf temperature
and e;. A cryogenic trap method (Deshpande et al., 2013) was used to get an idea about the monthly
variability of the 6D values of atmospheric water vapor. Table 2.1 gives the 3D values of source

water and atmospheric water vapor considered for various months.
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Fig. 2.6. Leaf lengths (blue circles) and LMA (red circles) variation in deciduous leaves.

Months Barometric Temperature (°C)*  Humidity (%)®  8Datmvapor  ©Dsource water
Pressure (KPa)@ (%o0)% (%o)
August 944 +0.3 28.7+2.0 82.0+10 -61+6 -2*1
September 945+0.3 27.1+20 78.0+ 10 -61+6 1000 + 2
October 94.8+0.3 29619 64.0+£12 -76 £ 8 1000 £ 2
November 95.0+£0.3 28.1+£0.7 5809 -118 £ 12 1000 £ 2

Table 2.1. Climate parameters used as inputs for leaf water modeling.

@ Monthly mean values from IMD station data

# Daily measurements from 9 to 12 pm

¥ Daily IMD measurements from 9 to 12 pm; for August it is climatological mean.
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& Measured periodically. 3D values of September were considered for August

Stomatal conductance (mol m?2 s™)
Tg Hc Su Dm Mu Ci Sc
Aug 05+01 06+02 07+03 04+01 06+03 03+x01 05+01
Sept 05+0.1 06+02 07+x03 04+01 06+03 03+x01 05+01
Oct 05+01 07+01 06+02 04004 06+0.07 0701 08=x05
Nov 04+0.02 04%£0.09 03+0.08 03+0.04 04+0.08 04+0.09 06+0.01

Table 2.2. Measured stomatal conductance values used as inputs for the leaf water 3D modeling.
2.2 Precipitation gradient study
2.2.1 Field locations

To understand the variability of isotopes of plants and soils with precipitation amounts, a
precipitation gradient transect spanning over ~85 km in western peninsular India was selected. The
transect ranged from 18°48°E, 74°23’N (Bhuleshwar) to 18°39°E, 73°39’N (Tamhini)
encompassing a precipitation range from ~500 to 3700 mm/yr, respectively (Fig. 2.7). In the study
area, most of the rainfall occurs during summer monsoon i.e. from June till September. The
precipitation data was obtained from IMD gridded rainfall data (Pai et al., 2014). The available
IMD data was of 0.25° resolution and had been re-gridded to 0.01° resolution using a bicubic
interpolation method.

The Tamhini region has a humid climate with tropical forest vegetation whereas
Bhuleshwar region experiences a semi-arid climate with tropical shrub/grassland vegetation (FAO,
2000). Trees were the predominant vegetation in high precipitation region (i.e. L-1) whereas
grasses were dominant in low precipitation region (L-8) (Fig. 2.8). In the intermediate precipitation

locations, both trees and grasses were observed.
2.2.2 Sampling of soil and grasses

Soil and grass samples were collected from eight locations along the transect (L-1 to L-8;

Fig. 2.7). Locations with minimum anthropogenic interference were chosen for sampling. After
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removal of the litter layer, soil samples were collected from two depths: 5 cm and 25 cm. Three
soil samples were collected at each sampling site and aggregated into one sample. The abundant

grass species were collected from each location.
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Fig. 2.7. Selected sampling sites along precipitation gradient.

Fig. 2.8. Field photograph of the sampling locations. The locations of L-1, L-3 and L-8 are given
in Fig. 2.7.
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2.3 Extraction, identification and characterization of leaf wax compounds

The detailed procedure for extraction of leaf wax n-alkanes and n-alkanoic acids from plant
leaves, n-alkanes from soil samples; their identification, and quantification are discussed here. The
n-alkanes and n-alkanoic acids investigations were carried out in the Stable Isotope Laboratory of
the Indian Institute of Science Education and Research Kolkata (SILIKA).

2.3.1 Extraction of leaf wax n-alkanes and n-alkanoic acids from plant leaves and soil samples

The total lipid fractions of the plant leaf samples were obtained by powdering the dried
leaves and using the ultrasonication technique of Mclnerney et al., (2011). Samples were mixed
with a solvent (dichloromethane/methanol), 93:7 v/v (HPLC grade) and sonicated for 20 minutes
at room temperature (25-30 °C). Total lipids from soil samples were extracted in an accelerated
solvent extractor (Dionex ASE-350, Thermo Fisher Scientific) using a mixture of dichloromethane
and methanol (93:7) at a temperature of 100°C and pressure of 1600 psi.

After obtaining the total lipid fractions, a rotavapor (R-210; Buchi Labortechnik AG,
Flawil, Switzerland) was used to concentrate the extracted lipids. The n-alkanes were separated
from the total lipid fraction by short-column silica gel chromatography. A pre-ashed pipette with
activated silica gel (100-200 mesh) was used to prepare the column and the non-polar fraction
(containing the n-alkanes) was eluted with hexane. Thereafter, a mixture of dichloromethane and
methanol (2:1) was used to elute the silica gel columns to obtain the acid fractions. Saponification
of acid fractions was carried out with 1 M KOH in methanol at 70 °C for 2 h. After incubation, the
vials were allowed to cool and then 5 % NaCl solution in DCM-extracted HPLC-grade water was
added to each vial. Later, the pH of the mixture was lowered (<2) using HCI and the “acids”
fractions were extracted using hexane. For n-alkanoic acid analysis, the obtained acid fractions
were methylated using BFs-methanol and converted to the corresponding methyl esters. The

obtained methyl esters were dried by passing through a Na,SO, (anhydrous) column.
2.3.2 ldentification and quantification of n-alkanes and n-alkanoic acids

The n-alkanes and n-alkanoic acids were analyzed by gas chromatography (7890A GC
System; Agilent Technologies, Santa Clara, CA, USA) equipped with a split/splitless injector, non-
polar capillary column (HP5-MS; 30 m x 250 um x 0.25 um), and flame ionization detector
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(FID). The concentrated samples were injected in 1:1 split mode with an inlet temperature at
320 °C. The oven temperature was increased from 60 to 320 °C at 8 °C minute * with a holding
time of 12 minutes. Individual n-alkanes were identified using the characteristic retention times
(RT) obtained from the calibration standards SUPELCO Cg—C4o alkane and Fluka alkane mixture
(C10—Ca0). The standards were also used to calculate the relative concentrations of the individual
n-alkanes in the samples. For calibration purposes, during the analysis of the samples, the
SUPELCO Cg—Cyo n-alkane standard and Fluka alkane mixture standard (C10—Cao) were measured
at different dilutions (1.0 ng, 1.5 ng, and 2.0 ng uL ). The peak areas of individual n-alkanes (Cs—
Cao0 and C10—Cao) were then calculated. For the respective n-alkane homologues (Cs—Cao and Cio—
Ca0), calibration graphs of peak areas versus injected concentrations were obtained. The relative
concentration of n-alkanes in the samples was calculated from the calibration equations (for
respective homologues) obtained from the regression analysis. Likewise, individual n-alkanoic
acids were identified using five Sigma-Aldrich standards Palmitic-C1s, Oleic-C1s, Behenic-Cz,
Montanic-Cs, and Melissic-C3o acids with known concentrations. During the analysis of n-
alkanoic acids, the SUPELCO Cg—Cso n-alkane standard and Fluka n-alkane mixture standard
(C10—Ca0) were analyzed. The equations for individual n-alkanoic acid homologues were obtained
using n-alkanoic acid and n-alkane standards. The relative concentration of n-alkanoic acids in the
samples was calculated using the calibrated equations (for respective homologues). The repeat
measurements of n-alkanoic acid and n-alkane standards were associated with an uncertainty of
+2%.

2.3.3 Characterization of leaf wax n-alkanes and n-alkanoic acids

The n-alkanes and n-alkanoic acids were characterized using average chain length (ACL)
of long-chain lengths i.e., n-Czs to n-Css (ACLaik) (Poynter and Eglinton, 1990) and n-Cazs to n-Cas
(ACLaqcia) (Galy et al., 2011), respectively. The ACLak and ACLacia reported for tropical

angiosperm trees (in Chapter 3) were calculated using the following equations:

ACLalk — (25XC25) + (27XC27) + (29)((:29) + (31><C31) + (33XC33) + (35><C35) (21)

(C25+ C27+ Ca9+ C31+ C33+ C35)

ACLycig = (26XCz6) + (28XCzg) + (30xC3¢) + (32XC33) + (34X%C34) + (36XC36) 2.2)

(C26+ C2g+ C30+ C32+ C34+ C36)
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where, C is the concentration of individual chain length (as in subscript) of n-alkane and n-alkanoic

acid.
2.4 Isotopic measurements
2.4.1 6D measurements of leaf wax n-alkanes and n-alkanoic acids

The 6D values of individual n-alkanes and n-alkanoic acids were measured using Trace
GC Ultra (Thermo Fisher Scientific, Strada Rivoltana 20090 Rodano, Milan, Italy) coupled with
a MAT-253 IRMS linked via GC Isolink (pyrolysis interface) and Thermo Fisher Scientific Conflo
IV interface. The Trace GC Ultra equipped with a non-polar capillary column HP5-MS was used
for analyzing the samples. The samples were injected in splitless mode with an inlet temperature
of 280 °C and helium as a carrier gas (flow rate maintained at 1 mL minute™!). The GC oven
temperature was programmed to increase with a ramp of 10 °C minute™! from 40 °C to 320 °C and
then held isothermally for 12 minutes. To measure the 8D values, the hydrogen atoms in samples
were converted to Hz through a reduction interface in a pyrolysis furnace (at 1420 °C). H. reference
gas was introduced into MAT-253 in a series of pulses at the beginning and end of each analysis
to standardize the hydrogen isotope values. The H> reference gas was calibrated against
international standard mixtures A7 (C16—Cazo) before the isotope analyses. Instrument performance
was routinely checked using a Fluka alkane mixture (C10—Cao) at different dilutions. During the
analysis of the samples, the reproducibility in the A7 (C16—Cso) and Fluka alkane mixture were
found to be +2%o (1-6). Before the measurement of hydrogen isotope, the H** factor was calculated
using ISODAT NT 3.0. The H*" factor ranged between 7 and 10 ppm nA’, indicating a
contribution of <0.07-0.1% H3* to HD". The samples were analyzed in duplicates or triplicates for
the determination of the 6D values. Pre-concentration and dilution procedures were carried out for
the chain lengths of excessively low and high concentrations, respectively.

Isotope fractionation associated with the addition of BF3;-methanol during n-alkanoic acid
extraction was corrected using a mass balance equation:

[(2C, + 2) * 6Dpame] — [3 * 6Dyl
(26, - 1)

6Dgcia =

where, §D,.;q values are the corrected values for target n-alkanoic acid, C, is the number of C-

atom for each alkanoic acid chain length, 6Dy 4, Values are uncorrected values measured from
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fatty acid methyl esters, and 6D, is 3D value of the methanol in BFs-methanol used to methylate
the samples. The 6D values of n-alkanes and n-alkanoic acids are reported with respect to Vienna
Standard Mean Ocean Water (VSMOW). The measurements were carried out in the Stable Isotope

Laboratory of the Indian Institute of Science Education and Research Kolkata (SILIKA).
2.4.2 5*3C measurements of leaf wax n-alkanes

The 513C measurements of leaf wax n-alkanes extracted from soil samples were carried out
using Trace GC Ultra (Thermo Fisher Scientific, Strada Rivoltana 20090 Rodano, Milan, Italy) in
conjunction with a MAT-253 IRMS linked via GC Isolink and Thermo Fisher Scientific Conflo
IV interface. The samples were examined using the Trace GC Ultra with a non-polar capillary
column HP5-MS and split/splitless injector. The n-alkane samples were injected in splitless mode
with an inlet temperature of 280°C and helium as carrier gas (at a flow rate of 1 ml minutes ).
The temperature of the GC oven had been set to rise with a ramp of 10 °C per minute from 40 to
320 °C and to be maintained isothermally for 12 minutes. Individual compounds of the samples
were burned in GC Isolink over nickel, copper, and platinum wire at 950 °C with oxygen and
helium (1% v/v). The CO2 produced during combustion was introduced into the MAT-253. A
series of reference gas (CO.) pulses were introduced into the MAT- 253 at the beginning and end
of each analysis to standardize the carbon isotope values. Before the isotope measurements, the
CO. reference gas was calibrated using international standard mixtures A5 (C16-C30). Fluka
alkane mixtures (C10-C40) at various dilutions (0.5 to 15.0 ng mlI™%) with known & *3C values were
used to routinely check the instrument performance. The reproducibility of the A5 and Fluka
alkane mixture was found to be £1.0%o and +0.4%o, respectively. The & *3C values of n-alkanes are
reported with respect to Vienna Pee-Dee Belemnite. The measurements were carried out in the
Stable Isotope Laboratory of the Indian Institute of Science Education and Research Kolkata
(SILIKA).

2.4.3 6D measurements of water and vapor samples

The tap/tracer water and atmospheric vapor samples were analyzed for 8D values using the
laser-based water isotope analyzer (ABB-LGR IWA-45P). The analyzer follows off-axis
integrated cavity output spectroscopy (OA-ICOS) method for measurements of isotopic

compositions (Baer et al., 2002). The method introduces laser photons of the known line strength
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in an optical cavity filled with sample water in vapor form, the measured absorption spectra are
recorded and processed by post-analysis software to estimate the isotopic composition. Three
standards supplied by ABB-LGR having different 6D compositions (std-1: —154 + 0.5%o, std-2:
=51.60 % 0.5%o, std-3: —9.20 + 0.5%o0) were used in sequence after each batch of 4 water samples
during measurements. A protocol ‘Standard Natural range optimized for high precision spline
type’ of measurement was followed. This required taking 1ml volume of each sample in standard
glass bottles. Using 1 pL syringe, samples from these bottles were extracted by an auto-injector
system that passed it into a miniature chamber heated at 85°C converting the liquid water fully
into vapor form before introducing it in the water isotope analyzer. The 6D values are reported
with respect to Vienna Standard Mean Ocean Water (VSMOW). The 8D measurements of water

and atmospheric vapor samples were conducted at the Physical Research Laboratory (PRL), India.
2.4.4 §C measurements of bulk soil organic matter and grass samples

For the bulk 5'3C measurements, approximately 15mg of powdered soil samples and 1mg
of powdered grass leaves were packed in tin capsules. Before the 53C measurements were carried
out, roots and gravels were removed from the soil samples. They were acidified in 6N HCI for the
removal of carbonates, rinsed in deionized H>O and dried. The grass samples were dried before
powdering. The continuous flow IRMS (Isoprime 100; Isoprime, Elementar) attached to Vario
Pyro cube elemental analyser (Elementar) was used for 5:*C measurements. The repeatability and
accuracy were assessed by analyzing laboratory standards: Merck and Fluka sucrose of 8*3C values
as —12.1%o and —26.7%o, respectively, and sulfanilamide with §*C = —27.8%o. The precision of
repeated measurements of laboratory standard was 0.15 %o. The §*3C values are reported relative
to Vienna Pee-Dee Belemnite. The measurements were carried out at the Indian Institute of

Science Education and Research Pune.
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Chapter 3

Apparent fractionation factor for n-alkanes and

n-alkanoic acids of tropical angiosperm trees
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3.1 Introduction

The hydrogen isotopic composition (D) of leaf wax n-alkanes and n-alkanoic acids reflect
the 6D values of precipitation (6Dprecip) (Sachse et al., 2012; Tipple and Pagani, 2013) which in
turn carry information about precipitation amount or atmospheric circulation (Managave et al.,
2023). They have also been recognized as a proxy for reconstructing past precipitation variability
(Feakins et al., 2014; Collins et al., 2013; Aichner et al., 2015; Niedermeyer et al., 2016).
Quantifying the hydrogen isotope fractionation between leaf wax compounds and source water
(eapp) 1s a prerequisite for 3D based paleo-hydrological studies. However, as highlighted in
Chapter 1, the characterization of the &,,,,, values have been mostly done in field-based studies and
were predominantly carried out in northern mid-latitude regions as compared to that in the tropics.
Further, the &4, values estimated in field-based studies are often associated with inherent
uncertainties which could stem from (i) incorrect source water 6D values, (ii) species-effect, and

(iii) varying climatic conditions (as in transect studies).

This chapter deals with the results of an outdoor controlled experiment aimed at
characterizing 6D and &,,,,, values of tropical species. The experiment was conducted at the nursery
in the Indian Institute of Science Education and Research, Pune. The rationale behind the outdoor
experiment is given in Chapter 2. The laboratory procedure adopted to quantify the abundance and
isotopic composition of different homologues of n-alkane and n-alkanoic acids is also given in
Chapter 2. To characterize the &,,, values of leaf wax n-alkanes and n-alkanoic acids in plant
species from monsoonal climate, three deciduous and four evergreen angiosperm trees were grown
with water of known 6D value under similar climatic conditions. The leaves of these plants were
analyzed for the concentration and 8D values of n-alkanes and n-alkanoic acids of different chain
lengths. This chapter reports (i) chain length distributions of n-alkanes and n-alkanoic acids of
tropical angiosperm trees, (ii) 6D and &4y, Values for n-alkanes and n-alkanoic acids of species
from a monsoonal region, (iii) intra-species, inter-species and inter-taxa variability in 6D and thus
£qpp Values, and (iv) apparent fractionation between (n-1) alkanes and n-alkanoic acids pairs (e.g.,

€31/32). The implications of the results are discussed at the end.

32



3.2 Results
3.2.1 Characterization of leaf wax compounds
n-alkanes

The mean n-alkane (3 c3-c3s) concentration of the studied species was 118 = 115 ug/g dry
leaf (n = 13). No significant difference was observed in the mean amount of waxes of n-alkanes in
deciduous and evergreen species (p = 0.950, two-tailed t-test). Evergreen and deciduous species

produced 31 to 410 pg/g and 31 to 292 pg/g dry leaf n-alkanes, respectively.

In mature leaves, a typical odd over even predominance was observed in the long chain n-
alkanes (Cao-35) (Fig. 3.1). The chain length distribution of n-alkanes varied with species (Fig. 3.1).
Haldina cordifolia, Sterculia urens, Syzigium cumini, Callophylum inophyllum and Memecylon
umbellatum produced n-Cs; as the most abundant n-alkane, whereas in Tectona grandis and
Diospyrus malabarica, n-Czz was the dominant homologue (Fig. 3.1). In addition, Tectona grandis
also produced a significant amount of n-Css. No systematic difference between the most abundant
chain lengths of the n-alkanes of deciduous and evergreen species was observed. The ACLa of
all species was 31 £ 1 (n = 13). Deciduous ACLak (31.7 = 1.1; range: 31.1-33) was higher than
that of evergreen species (30.6 £ 0.6; range: 30-31.7). Although a higher ACLai value in deciduous

species was observed, it was mainly attributable to one species i.e., Tectona grandis.
n-alkanoic acids

The mean n-alkanoic acid (Y .c24-c3s) concentration of all species was 128 + 99 pg/g dry leaf
(n =14). The n-alkanoic acid concentrations of deciduous species were not significantly different
from those of evergreen (p = 0.101, two-tailed t-test). Evergreen species and deciduous species

produced 13 to 233 pg/g and 71 to 322 pg/g dry leaf n-alkanoic acids, respectively.

An even over odd predominance was observed in the higher chain n-alkanoic acids (Cas-
36) Of mature leaves (Fig. 3.1). As with n-alkanes, the distribution of n-alkanoic acid chain lengths
was species-specific (Fig. 3.1). Memecylon umbellatum produced equal amounts of n-Csg and n-
Cz2, Haldina cordifolia, Callophylum inophyllum, Syzigium cumini produced high amounts of n-

Cz2, whereas in Tectona grandis and Diospyrus malabarica, n-Cs4 was the most dominant n-
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alkanoic acid chain length. The ACLacig Of all species was 30.4 + 1.1 (n = 14). ACLacid Was not
significantly different for evergreen and deciduous species (p = 0.332, two-tailed t-test). ACLacid
observed in deciduous species was 30.7 + 1.1 (range: 29-31.9, n = 6) and in evergreen species was
30.1 £ 1 (range: 28.5-31.4, n = 8).

3.2.2 6D values of n-alkane and n-alkanoic acids
n-alkanes

Mean 6D values of n-Cazg, n-Ca1 and n-Cas of the studied species were —121 £ 19%o (n =
12), —121 £+ 22%0 (n = 14) and —122 + 21%o (n = 11), respectively. There were no significant
differences between deciduous and evergreen 6Dai values (p = 0.175, two-tailed t-test). The dDaik
value of deciduous species n-Czg, N-Cz1 and n-Css were —124 + 33%o (n = 4), —120 + 30%o (n = 6)
and —123 £+ 27%o (n = 6), respectively and they were —120 £10%o (n = 8), =121 £ 17%o (n = 8) and
—122 + 13%0 (n= 8), respectively, for evergreen species. The 6Dak values of different species and
their replicates are given in Fig. 3.2. 6Dak values did not show any systematic variation (i.e. no

consistent increase or decrease) with the chain length (Fig. 3.2).
n-alkanoic acids

Mean 8D values of n-Cog, N-C3o and n-Ca. acids of the studied species were —131 £ 17%o
(n=8), —128 £ 27%o (n = 12) and —126 £ 26%o (n = 10), respectively. There were no significant
differences between deciduous and evergreen dDecig (p = 0.473, two-tailed t-test). Deciduous
species 0Dacid Values of n-Cag, N-C3p and n-Czz were —136 + 18%o (n = 5), =133 +25%0 (n=15) and
—121 + 24%0 (n = 4), whereas for evergreen species they were —123 £ 14%o (n = 3), —124 £ 30%o
(n=7) and —130 + 28%0 (n = 6), respectively. Except for Memecylon umbellatum and Tectona

grandis, dDacid did not change systematically with the chain-length (Fig. 3.2).

3.2.3 Apparent fractionation (£,,,)

Eqpp Of N-alkanes (&4pp-air) and n-alkanoic acids (e4pp-qciqa) Were calculated as

gapp = 1000 [(s2220) 9] (3.)

8Dyater + 1000
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where, 6D, 4, and 6D, 4+ are 0D values of either n-alkanes or n-alkanoic acids and source water,

respectively.
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Fig. 3.1. The n-alkanes (green bars) and n-alkanoic acids (blue bars) chain length concentration
distributions and Average Chain Lengths (dotted red line) of deciduous (a, b and c) and evergreen

(d, e, f and g) species. For every species, duplicates were analyzed. The black bars represent the
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individual plants of each species, different species and taxa. The &4,k Values for n-Czg, n-Cs1
and n-Caz of the individuals of the studied species were —120 + 19%o (n = 12), =119 + 23%o (n =
14) and —121 £ 21%o (n = 11), whereas €4,p—qciq Values for n-Czg n-Cso and n-Cs2 were —130 +

17%o0 (n = 8), =126 = 27%0 (n = 12) and —125 + 26%o (n = 10), respectively (Fig. 3.3; Table 3.1).

Fig. 3.3 and Table 3.1 show the €4, qix aNd €4pp—acia Values of different chain lengths of
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There was no significant difference in the average €,,p—aix (@Nd qpp—qcia) Values of deciduous
and evergreen taxa (p>0.05, two-tailed t-test) (Fig. 3.3). The €4,p—aux for deciduous n-Czg, n-Ca1
and n-Cszz were —122 £ 33%o, —119 = 30%o and —121 + 27%o, whereas for evergreen species they
were =119 £ 10%o, =120 £ 17%o and =120 = 13%eo, respectively. £,p,y—qgciq fOr deciduous n-Cag, n-

Cao and n-Cz2 were —134 £ 18%o, —132 + 25%0 and —119 + 25%., whereas for evergreen species
they were —122 + 14%o, —122 + 30%o and —128 £ 28%e.
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Fig. 3.2. The 6D values of different homologues of n-alkanes (a, b) and n-alkanoic acids (c, d) of

deciduous (left panels) and evergreen (right panels) species. Two symbols of the same color
represent individuals of a species.

A large variation in &4, values among species was observed (Table 3.1). The &4,y qx Of
Nn-Cz9, N-C31 and n-Cgzs varied from —91%o to —161%0 , —97%0 to —168%0 and —97%o to —163 %o,
respectively. £4pp—qcia Of N-Cas, N-C30 and n-Csz varied from —111%o to —156%o, —82%o to —158%o

and —82%o to —155%., respectively. Overall, a spread varying from 45 to 70%o among species &gy,

values was observed in our study.
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Fig.3.3. &4y, for (a) n-alkanes (e4pp—air) and (b) n-alkanoic acids (e4pp—qciq) for the abundant
chain lengths of individual plants of each species and taxa. Symbols of the same color represent
£qpp Values of individuals of a species. Species abbreviations: Tg - Tectona grandis, Su - Sterculia
urens, Hc - Haldina cordifolia, Mu - Memecylon umbellatum, Ci - Callophylum inophyllum, Sc -
Syzygium cumini, Dm - Diospyros malabarica. Dec: deciduous species and Evg: evergreen
species. Mean and median values of &,,,, for deciduous and evergreen species are shown by red
and black lines, respectively, in the box and whisker plots in (a) and (b). The horizontal dotted

lines show the mean &, of all plants for different chain lengths.
3.3. Discussion
3.3.1 Predominance of longer chain n-alkanes in tropical angiosperm trees

An increasing number of region-specific modern vegetation studies have been conducted to
understand the abundance of chain lengths of leaf wax compounds (Diefendorf et al., 2011; Bush
et al., 2013; Feakins et al., 2016a; Cerda-Pefia et al., 2022; Dasgupta et al., 2022). It has been
observed that in n-alkanes of tropical trees there is a predominance of chain lengths n-Czg and n-
Ca1 (Feakins et al., 2016a) whereas in temperate angiosperms chain lengths n-Cz7 and n-Cog are
dominant (Cerda-Pefia et al., 2022). The taxa-specific distinction in chain length abundance of
temperate angiosperm trees has been reported by Diefendorf et al., (2011), where evergreen and
deciduous species show a dominance of chain lengths n-Cz1 and n-Cao, respectively. However, a

predominance of chain lengths n-Cz1 and n-Csz was observed in the investigated tropical deciduous
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and evergreen angiosperm trees. A significant production of n-Css in Tectona grandis was also
noticed (Fig. 3.1a). Sarkar et al., (2014) also observed a similar abundance for Tectona grandis in
a dry deciduous mixed forest in the Lonar catchment area, central India. It thus appears that the Cs
angiosperm trees in a semi-arid monsoonal region are characterized by the dominance of longer

chain-length n-alkanes (Fig. 3.1).

Eapp-alk (%0) Eapp-acid (%0) galk/acid (%0)
Plants Co Ca GCss | G Cso  Cs | £29/30  E31/32
Sul 137 -144 -147 | -151 -156 -154 20 10
8 Su2 -161 -168 -163 | —156 —156 - -8 -
_% Tgl - -103 -114 | -117 111 -104 - -1
S Tg2 - -99 -100 | -121 103 -100 - -1
a) Hecl -91 -101 105 | -129 -133 -120 47 19
Hc2 —99 —97 —97 - - - - -
Mul -121 -113 124 | -137 -126 -122 4 8
Mu2 -116 -110 -116 | -117 -—113 - -5 -
S Cil -134 -148 -141 - -155 -154 23 6
% Ci2 -131 -146 - - —-158 -155 30 8
§ Scl -104 -105 - -111 -88 -89 -19 -19
L Sc2 113 -106 - - -82 -102 | —36 —6
Dml1 -120 -114 -113 - -134 -146 15 35
Dm2 -112 -114 -107 - - - - -

Table 3.1 Apparent fractionation ( £,pp—qix AN Eqpp—acia ) OF individual chain lengths of different

species and their fractionation between n-alkanoic acid and n-alkanes (e,4/30 and &34 /32).
3.3.2 gqpp—aik AN Eqpp—_qciq EStiMates
3.3.2.1 Chain-length dependence of ¢,

Paleo precipitation 8D reconstructions are often based on one of the chain lengths of n-
alkanes and n-alkanoic acids, for example, n-Cx9 (Liu et al., 2017; Ghosh et al., 2020) and n-Cze
(Thomas et al., 2012). However, while comparing the reconstructed 6D values of such studies with
studies that have reported 6D values of a different chain length, for example, n-Cz9 and n-Cs;
(Jambrina-Enriquez et al., 2022), or n-Czg and n-Czo (Curtin et al., 2019), a need for correction
might exist. It has been reported in some studies that 6D values increase with increasing chain

lengths, implying systematic changes in &5, a1 (Chikaraishi et al., 2004; Feakins et al., 2016;
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Corcoran et al., 2022) and &4,_4ciq (Chikaraishi et al., 2004; Feakins et al., 2016) with chain-
length. In our study, €4, a1k did not exhibit a chain length-dependent increase (Table 3.1). Except
for Memecylon umbellatum and Tectona grandis, other species did not show a systematic increase
in 8Dacid Values (Fig. 3.2) and consequently &qp,—qcig Values with increasing chain lengths.
Nevertheless, this increase was much lower than inter-species variability in &g, values. When
individuals of the species studied were considered, the &4, qix for n-Czg, n-Cs1 and n-Css of all
plants were —120 & 19%o, —119 + 23%0 and —121 + 21%o, respectively (Fig. 3.3). The &4pp—acia
for n-Cao and n-Cszz were —126 £ 27%o0 and —125 + 26%o respectively, whereas for n-Cog the values
were lower (—131 £ 17%o) but not significantly lower (at p = 0.80, one way ANOVA test). The
similarity of the average inter-species &, of different chain lengths in n-alkanes (and in n-
alkanoic acids) implies no correction is required while estimating &, values of one chain length

from the other, when the catchment area is dominated by angiosperm trees in a semi-arid

monsoonal region.
3.3.2.2 Deciduous and evergreen taxa distinction

Typically, vegetation change can introduce variability in a region's €,,,,, values and impact
interpretation of paleo-precipitation 6D values (Hou et al., 2007; Feakins and Sessions., 2010; Liu
et al., 2016). In monsoonal climate past vegetation shifts from evergreen to deciduous taxa have
been reported (Kumaran et al., 2013; Prasad et al., 2014). This study gives an opportunity to assess
the effect of change in vegetation between tropical deciduous and evergreen taxa on the &4,
values. For chain length n-Ca, &4, values of =119 £ 30%o (n = 6) and =120 £ 17%o (n = 8) were
observed for deciduous and evergreen species, respectively; for chain length n-Cazo, they were —132
+ 25%0 (n = 5) and —122 £+ 30%0 (n = 7), respectively. No significant differences (p > 0.22, two-
tailed t-test) in the £,,,,, values of n-alkanes (and n-alkanoic acids) between the studied deciduous
and evergreen species suggest that shifts between deciduous and evergreen taxa would have little

effect on the reconstruction of dDprecip iN the monsoonal region.
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3.3.2.3 Inter-species &, variation

The €4y values are influenced by the 6D value of the leaf water, which is controlled by
the 0D value of the source water, leaf morphology and environmental conditions (Smith and
Freeman, 2006; Feakins and Sessions, 2010; Mclnerney et al., 2011; Kahmen et al., 2013). In our
study, as all the plants were grown in similar climatic conditions and were irrigated with water of
the same 3D value, the range in their &4, values reflected the combined effect of ¢,;, and the

evaporative enrichment of the leaf water resulting from varying leaf morphology.

The &,;, values of plants can be affected by multiple factors such as different biosynthetic
pathways (Sachse et al., 2012), differential contributions from distinct NADPH sources to
hydrogen in leaf wax compounds (Kahmen et al., 2013), enzymatic isotope effects during
secondary hydrogen exchange reactions such as decarboxylation of n-alkanoic acids to n-alkanes
(Chikaraishi and Naraoka, 2007). These factors can lead to a high variability in &;;, among species.
For example, a species-specific &;, variation of 65%o was observed in a growth chamber study
conducted by Kahmen et al., (2013). In deciduous angiosperm trees of temperate region, the
species mean g,;, values varied from —129 + 10%o to —147 & 14%. for n-alkanes and —106 = 23%o
to —119 £ 15%o for n-alkanoic acids has been reported by Freimuth et al., (2017). In a tropical
transect study conducted by Feakins et al., (2016) &,;, values could not be estimated due to a
weaker correlation between 6D values of leaf water (sampled during the afternoon of dry season)
and leaf wax compounds. Therefore, expected species-specific enio Within tropical angiosperm

trees is poorly constrained.

Studies evaluating the effect of leaf morphology on evaporative enrichment of the leaf
water are rare. Different dicot species (Phaseolus vulgaris, Helianthus annuus, Populus
balsamifera) when grown under similar conditions in a growth chamber have revealed a minor
control (typically less than 5%o; a maximum of 16%o) of leaf morphology of different species on
oD value of the leaf water (Kahmen et al., 2013). Assuming a similar control in the species
investigated in this study, a spread from 45 to 70%o in &4,,,, among species observed in this study
can not be fully explained by differences in leaf water evaporative enrichment resulting from

variations in the leaf morphology. Therefore, the spread in &4, of the studied species was likely

primarily controlled by variation in species-specific &;,.
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The observed uncertainties in  £,,_qix aNd €gpp—qciq fOr N-Ca1 and n-Cso as 23%o and
27%o, respectively. The uncertainties in inter-Species &,,,,, values observed in our study are similar
to those in the transect and field studies (with probable uncertainties in source water 8D value and
external climatic conditions) conducted across different latitudes (Fig. 3.4). The observed 1o
uncertainties in &4,,,, from community-averaged studies are typically 20%o for n-alkanes and 31%o
for n-alkanoic acids (Feakins et al., 2016; Berke et al., 2019; Corcoran et al., 2022). Similar values
of inter-species variability in the ,,, values (16 = 21%o) were also reported by Feakins and
Sessions (2010). As discussed, the main source of variability in g4, in the studied species
assemblage stem from species-effect. The comparable variability in &4, observed in this study

and that reported in the field and transect studies further indicated that the species-effect exerts a

major control on community-scale &,,,, variability.
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Fig. 3.4. Global compilation of &,,,,,_q;x for n-Cagalkanes (a) and €4,p—qciq or n-Czs acids (b) in
C3tree species. Red circles represent values from this study. Data sources: Sachse et al., (2012);

Yang et al., (2021); Duan et al., (2014); Feakins et al., (2016); Friemuth et al., (2017); Griepentorg
etal., (2019); Liu and An, (2019); Roy and Sanyal., (2022).

3.3.2.4 Comparison with the €4,p—qix aNd €gpp—acia Of Other regions

Fig. 3.4 shows latitudinal variation in €4, qix aNd Eqpp—qcia OF Cs plants along with the
values reported in our study for chain lengths n-C29 and n-Czs. The &45p—qux aNd Eqpp—qcia Of Cs

plants revealed higher values in mid-latitudes as compared to the low-latitudes (30 °S to 30 °N)
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and high-latitudes (40 °N to 70 °N), mainly because of transpirational enrichment of the leaf water
in deuterium (Chikaraishi and Naraoka, 2003; Feakins and Sessions, 2010).

The egpp-aie (=120 £ 19%0) for N-Cae and &4pp—qeia (—131 £ 17%0) for n-Cog values
reported here are similar to that of tropical Cs plants (Fig. 3.4), further strengthening the observed

coherence of &, values in the tropics (Feakins et al., 2016). However, one study (Roy and Sanyal,
2022) carried out in a humid tropical climate (Gangetic floodplains) reported different e,,,_qux
(=171 £ 27%0) and €gpp—qcia (—91 £ 22%0) values, highlighting potential regional-climate-induced

heterogeneity in the &,,,,values in the tropical region as well.
3.3.3 Paired €4k /qciq fractionation

In modern vegetation studies, n-alkanes have been the focus of the majority of &g,
estimations (Bi et al., 2005; Douglas et al., 2012; Berke et al., 2019). Due to the paucity of n-
alkanoic acid studies often the &,,,, values of n-alkanes and an offset between n-alkanes and
coexisting n-alkanoic acids are used to estimate ¢,,,, for n-alkanoic acids (Konecky et al., 2016;
Sachse et al., 2012). To understand the relationship between ¢,,,, of n-alkanes and n-alkanoic
acids from the monsoonal region, a comparison of &4y, _qix aNd qpp—aciq Were done (Table 3.1,

Fig. 3.3).

The relationship between &, of n-alkanes and n-alkanoic acids is also expressed in terms
of the hydrogen isotope fractionation between n-alkanes and n-alkanoic acids (e4;5—gcia)- The
Eqlk—acia 1S calculated as:

€atk-acia = 1000 [(w) - 1] (3.2)

6Dgciq + 1000

where 8D,y and 8D,.;q are the 6D values of n-alkanes and n-alkanoic acids, respectively.
Eaik—acia 1S @IS0 used to express hydrogen isotopic fractionation during decarboxylation wherein

n-alkanoic acids produce long-chain (n—1) alkanes with a loss of one carbon.

The eqik/acia Values for chain lengths n-Czo/n-Cso (£29/30) and n-Csi/n-Csz (£31/32)

estimated in this study showed the species effect (Table 3.1 and Fig. 3.5). The most positive and

42



negative &gk /qcia Values were observed in Haldina cardifolia and Syzygium cumini, respectively
(Fig. 3.5). However, the mean €,4,30 and €343, of all plants revealed marginally higher 5D values
of the n-alkanes than that of the corresponding acids; €,9,30 and €343, values were 7 + 25%o and

6 £ 15%o, respectively (Fig. 3.5). Further no significant difference between &,y _4ciq Of deciduous

and evergreen species, were observed (p = 0.905 for &3, /3, and p = 0.316 for &;4,3¢, two-tailed t-

test).
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Fig. 3.5. Paired &4y /.14 Of individuals of different species observed in this study. Purple and green
bars mark deciduous and evergreen species, respectively. Within a bar, two similar symbol

represent individuals of a species. The red and black line shows the mean e¢,9/30 and ec31/¢32

respectively. Species abbreviations: Tg - Tectona grandis, Su - Sterculia urens, Hc - Haldina
cordifolia, Mu - Memecylon umbellatum, Ci - Callophylum inophyllum, Sc - Syzygium cumini, Dm

- Diospyros malabarica.

A compilation of €4 /qciq from various climate zones by Yang et al., (2021) showed
significant differences in €44 /qciq Values of tropical and temperate regions. Values of &54/3¢ in

temperate and tropical zones were 25 + 32%o0 and 0 + 20%., respectively (Yang et al., 2021).

Feakins et al., (2016) reported an average of —3 + 17%o for £,4,3¢ in tropical Andes plants, even
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though for some species it was as high as 30%o. Similarity of €44 /4ciq reported here and those

reported for the tropical region (Fig. 3.6) (Feakins et al., 2016; Yang et al., 2021) indicate minimal
hydrogen isotopic fractionation during decarboxylation in tropical angiosperm trees.
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Fig. 3.6. Global variability in €4, /4ciq for chain lengths n-Cog alkanes and n-Cso alkanoic acids.

Red circles represent values from this study. Data source: Yang et al., (2021).
3.3.4 Implications for paleo-precipitation 6D reconstruction

The results of the present experiment have the following implications for the lipid biomarker-based

paleoclimatic investigations.

e The &,,, values for different chain lengths of n-alkanes (and n-alkanoic acids) were
similar. In the tropical catchments dominated by angiosperm trees, a single &g, value

could be considered for different chain-lengths of n-alkanes (and n-alkanoic acids) while

reconstructing 6Dprecip Values.

e For angiosperm trees in semi-arid monsoonal region, —119 + 23%o and —126 + 27%o can

be used as the community-averaged &qp,—qik aNd Eqpp—acia Values, respectively.
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e A similar community-averaged &,,,, value for n-alkanes and corresponding n-alkanoic
acids suggested &,,,,, values of n-alkanes can be used to reconstruct dDprecip Values from the

oD values of n-alkanoic acids in the region dominated by angiosperm trees.

e Lack of taxa-specific distinction in &4, values observed in this study suggests that the

reconstructed dDprecip Values may not be sensitive to the relative proportion of deciduous

and evergreen taxa in the catchment area.
3.4. Conclusions

Field and transect-based studies, mainly used to estimate &,,,, at a community level, had
difficulties in assessing the relative effects of the 6D value of the source water, species composition
and environmental conditions on &,,,,, variability. The number of species investigated in this study
was modest in comparison to that considered in the field-based investigations. Further, the grasses
and shrubs could not be studied. Nevertheless, the experiment dealt with representative deciduous
(n =3) and evergreen (n = 4) species. Our study with a known source water 6D value revealed the
species effect as the primary controller of inter-species &, variability (1o = 23%o for n-alkanes
and = 27%o for n-alkanoic acids). The interspecies scatter in &4, observed here are similar to that
in transect studies, indicating the species-effect reflecting variation in €,;, has a dominant control
on community-averaged &,,,,. However, no systematic difference was observed between &g,
values of deciduous and evergreen plants. This probably indicates that a shift in vegetation from
deciduous to evergreen may not lead to a significant shift in community-scale &,,,,, in reconstructed

dDprecip Values in monsoonal regions.
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Chapter 4

Seasonality in n-alkane and n-alkanoic acid

oD records from tropical angiosperm trees
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4.1. Introduction

Finding seasonality in the paleoclimate records i.e. climate of which season the record
represents is crucial for understanding its utility in terms of testing the reliability of the climate
models. As discussed in Chapter 1 (Section 1.1), finding bias toward the climate of a specific
season is straightforward in the case of proxies such as tree-rings. This is done by calibrating
annual responses of tree-rings (say ring-width or oxygen isotopic composition) against monthly
climate parameters such as temperature. The reconstructions are biased towards the months which
yield statistically significant correlations (and explain higher variance) with annual response.

The climatic parameters controlling the hydrogen isotope composition (8D) of leaf-wax n-
alkanes and n-alkanoic acids, used widely in paleohydrologic research, are fairly known. However,
the climatic parameters of exactly which period (i.e. early or entire period of the leaf’s lifespan)
these biomarkers represent is unclear. As the 8D records of n-alkanes and n-alkanoic acids in
lacustrine or marine archives have much lower resolution (typically representing centennial-scale
variability), an approach of calibrating them against monthly/seasonal climate parameters is not

possible.

The findings (discussed in detail in Section 1.2.3) on the seasonality in the 6D records of
n-alkanes and n-alkanoic acids are ambiguous. The leaf wax 6D values of field-grown barley
(Sachse et al., 2010), a temperate tree (Tipple et al., 2013) reflected the 8D of environmental
conditions at the early stages of leaf formation whereas temperate deciduous trees (Sachse et al.,
2009), semi-desert angiosperm (Pedentchouk et al, 2008) and sub-tropical deciduous trees (Huang
et al., 2018) suggested that the 6D records integrate the climate conditions of the entire growing
season. The observations that the 6D records of n-alkanes are biased toward the early growing
season whereas, that of n-alkanoic acids are not biased towards any particular season further adds
to the ambiguity. It should be stressed that the seasonality study from the tropics is conspicuously
missing. Additionally, the effect of carryover of photosynthates from a growing season to the next
growing season in tropical deciduous species on seasonality in the 8D records of leaf wax
compounds is not known. Further, whether vegetation type (i.e. deciduous vs evergreen) and
climatic regime (i.e. temperate vs tropical) influence the seasonality in the 6D records of n-alkanes

and n-alkanoic acids is unclear.
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The success of finding the seasonality in the 8D records of the leaf wax compounds
(Section 1.2.3 in Chapter 1) hinges on finding whether n-alkanes and n-alkanoic acids are
periodically or continuously produced in the leaves. The limitations of periodically measuring the
abundance of leaf wax compounds and the efficacy of using tracer water in deciphering the

seasonality are discussed in Chapter 1 (Section 1.2.3).

This chapter elaborates on the results of an experiment carried out to decipher seasonality
in the 8D values in n-alkanes and n-alkanoic acids of tropical trees. The experiment involved
growing tropical evergreen and deciduous species with normal water (6D = —2%o) for 88 days and
then with isotopically-labeled tracer water (6D = 1000%o) for 110 days. The mature leaves of all
the plants were periodically sampled, both before and after the application of the tracer water, and
their oD values were measured. The details regarding the experimental setup and isotopic

measurements are given in sections 2.1 and 2.4 in chapter 2.

The expected 8D values of n-alkanes and n-alkanoic acids, if the new wax is synthesized
using tracer water, were modeled using a plant physiological model. The measured and expected
oD values of n-alkane and n-alkanoic acids were used to assess seasonality in them. The 6D values
of new leaves that sprouted during the next growing season were used to evaluate the effect of
carryover of photosynthates on seasonality. This chapter discusses the results of this experiment

and discusses their implications.
4.2 Results
4.2.1 Measured oD values of n-alkanes and n-alkanoic acids

The measured 6D values of n-alkanes and n-alkanoic acids in mature leaves during the
growing season of 2019 are provided in Table 4.1. The new leaves 8D values of n-alkanes and n-

alkanoic acids collected during the next growing season are given in Table 4.2.
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n-alkanes n-alkanoic acids
Plants  spuie sDus®  6DaO  DwM™ | 8D SDaic™  SDsic®  SDieig™
Tgl -105 -117v -101 121 | -106 110 -89 125
» Tg2 -101 -102 -119 -122 | -101 100 - -92
§ Hcl -93 -9 -110 -64 | —133 - —86 -35
% Hc2 -100 -114 -121 70 - -120 114 54
- Sul -139 -120 -111 - -157 152 122 -
Suz -163 -109 81 73 | 158 —-149 -115 92
Mul -115 -99 -92 14 | -124 -134 113 56
Mu2 -112 -116 -111 -107 - -117 -109 -89
- Sc1 -106 -115 -81 -61 -91 —88 —76 -92
$ sz -107 -109 -113 -115 | -103 -103 -108 -
§ Cil -149 -161 -176 -145| -156 -147 -189 -152
- Ci2 -148 -186 -180 -166 | —156 —182 - —-161
Dml -121 -126 -126 6 -136 134 159 25
Dm2 -113 -118 -120 -109 - -122 144 139

Table 4.1. Measured hydrogen isotopic compositions of n-alkanes and n-alkanoic acids in mature

leaves of each plant for August, September, October and November.

4.2.2 Modeled monthly oD values of n-alkanes and n-alkanoic acids when synthesized using the

tracer water alone

The 8D values of n-alkanes and n-alkanoic acids expected, if they are completely utilizing
the tracer water for their synthesis were calculated. A conservative estimate of 6D values of the
leaf wax compounds synthesized using tracer water alone during September, October and
November were calculated by (i) modeling 3D values of the leaf water during various months, (ii)
estimating biosynthetic fractionations for August for n-alkane and n-alkanoic acid for various
plants, and (iii) calculating the expected monthly 8D values of leaf wax compounds synthesized
using the tracer water alone from the modeled leaf water 6D values and biosynthetic fractionations.

Table 4.3 gives the details of the notations used.
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n-alkanes n-alkanoic acids
Plants D" DM 3D 8 Dacid™" 8 Dacig™® 8 Dacig™™
1% 4t 26" | 19" 220 15t 1 4t 260 | 19" 22 15t
Tgl - 42 - -59 - - - 51 - -52 - -
Tg2 - 66 - —64 - - - 68 - —68 - -
Hcl 1 - 108 | - - - -19 - —37 - - -
Hc2 - - —63 - - —86 - - - - - =72
Sutu -50 - 107 | - 132 - -64 - 113 | - 138 -
Su 2 - - - - —73 | —112 - - - - —88 =97

Table 4.2. Measured hydrogen isotopic compositions of n-alkanes and n-alkanoic acids in the
young leaves of each plant during April, May and June.

Sections Description Notations
4.2.2.1 | The modeled 3D values of the leaf water for various SDjwo", 8Dt 8D, SDNoY*
months (Equation 4.1)
n-alkane n-alkanoic acid
The 8D values of leaf wax compounds measured during | 6D;7, 8Dy, sDAa SD3eP,
4,222 | Various months 8D, SDa 8Dgcta, 8D
The biosynthetic fractionation between &D;9*and glik-Aug gctd-Aug
sD249 (and D249 (Equation 4.2) (Equation 4.3)
Sept* Octx Septx Octx
The expected monthly 8D values of leaf wax compounds 8Dy ODayic” ODqcia _+ ODacia
4223 . . 5DNOU* é‘Dqu*
synthesized using the tracer water alone alk acid
(Equation 4.4) (Equation 4.5)
Aé-DSept—Aug Aé‘DSe_pt—Aug
Measured difference between the 5D values of leaf wax AS D“é’zt_Aug 7 AS D“g’c‘é_Aug '
compounds after (September, October and November) alk _ aug acid_ Aug‘
and before (August) applying the tracer water. ASD gy ASDyeiq
(Equation 4.6) (Equation 4.7)
4.2.3 .
Expected difference between the 3D values of leaf wax AS§DSePts—Aug A§DSePtr—Aug
compounds after (September, October and November) A 6Da5’§t*-Aug A SDagé‘f*_Aug
and before (August) applying the tracer water if the leaf ak g acd -
. . A6D * g A5D oy* Aug
wax compounds post application of the tracer water were alk acid
synthesized using the tracer water alone. (Equation 4.8) (Equation 4.9)

Table 4.3. The steps and associated notations used to estimate the increase in the 6D values of leaf
wax compounds if synthesized using the tracer water alone. Aug, Sept, Oct and Nov represent

August, September, October and November, respectively.
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4.2.2.1 Modeling oD values of the leaf water during various months

The Craig-Gordon model, modified by Flanagan and Ehleringer (1991), was used to
determine the isotopic enrichment of the leaf water. The following equation was used

Ruw =0 | iR (“52) + awoRuw (%522) + Ra (2)]. (4.2)

ej ej

In equation (4.1), R is the molar ratio of heavy to light isotope and the subscripts a, LW and
XW refer to bulk air, leaf water, and xylem water, respectively. a* refers to the liquid-vapour
fractionation factor, ok refers to the kinetic fractionation factor associated with diffusion in air and
akp 1S the Kinetic fractionation factor associated with diffusion at the boundary layer. The default
values of ok and oxp in the model were 1.0164 and 1.011, respectively (Roden et al., 1999). o*
varies with leaf temperature (Majoube, 1971). e,, e and e; are the partial pressure of water vapor
in bulk air, leaf surface and leaf intercellular air space, respectively. The e, is the only term that is
controlled by the leaf's physiological characteristics. It was calculated using an equation developed
by Ball et al., (1987). The values of e; were estimated from the leaf temperature. Boundary layer
conductance was considered as 1 mol m? s (Roden et al., 1999; Managave, 2014). Tipple et al.,
(2015) showed the utility of the Craig-Gordon model in modeling D values of n-alkanes. Due to
a lack of leaf parameters such as effective path length, a sophisticated model involving the Péclet
effect (Cernusak et al., 2016) was not used. The details of the environmental and plant parameters

utilized for the calculation are provided in chapter 2 (Section 2.1.5.2).

4.2.2.2 Estimation of biosynthetic fractionations of n-alkanes and n-alkanoic acids for August for

various plants

The 24449 and 214449 \salues for studied plants were estimated as follows

bio bio
5DA"9 4+ 1000 (4.2)
e 0 = 1000 x| (S L) -
8D/ +1000
. SD"9 4+ 1000 (4.3)
ept s — 1000 x |(Paaa L)
SD/?" +1000
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where, 6D and 6D“9 are measured 5D values of leaf wax n-alkanes and n-alkanoic acids

before the application of tracer water (i.e. in August), respectively.

4.2.2.3 Expected monthly 6D values of leaf wax compounds synthesized using the tracer water

alone

The expected monthly 6D values of n-alkanes (for example, for September, 6D§f,ft*) and

Septx*

n-alkanoic acids (for example, for September, 6D__;; ) if the leaf wax compounds were produced

using the tracer water alone were estimated as follows

SDSP = SDIPE + et us (@4)
Septx __ Sept+* acid_Aug
0Dgciq = 6Dy + &4y (4.5)

The expected monthly 6D values of n-alkanes and n-alkanoic acids were calculated for October

and November as well. The results are provided in Table 4.4.
4.2.3 Increase in oD values of leaf wax compounds after applying the tracer water

The observed and expected increase in oD values of leaf wax compounds after applying
the tracer water were calculated. To quantify the observed increase in 6D values of n-alkanes and
n-alkanoic acids after the application of tracer water, the measured 6D values of n-alkanes and n-
alkanoic acids in August (the month during which the plants received regular water) were
subtracted from the measured 8D values of n-alkanes and n-alkanoic acids of the months during

which the plants received tracer water (i.e. September, October and November). For example, for

Sept—Aug

September, the measured increase in the 6D values of n-alkanes (A6D,;, ) and n-alkanoic
acids (ASDSPF~49) was calculated as follows:
A6~DS(3pl:—Aug — SDSept _ 6DAug
alk alk alk (46)
Sept—Aug __ Sept Aug
A8Dgciq = 8Dgciq = ODgciq (4.7)
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To quantify the expected increase in 6D values of n-alkanes and n-alkanoic acids after the
application of tracer water, the measured 6D values of n-alkanes and n-alkanoic acids in August
(the month during which the plants received regular water) were subtracted from the modelled 6D
values of n-alkanes and n-alkanoic acids of the months during which the plants received tracer

water (i.e. September, October and November). For example, for September, the expected increase

in the 5D values of n-alkanes (ASD;;F**~4"9) and n-alkanoic acids (AS D2 ~#*9) was calculated

as follows:

DD = S — 5D o)

Septx—Aug __ Sept* Aug
A(S‘Dacid - 6Dacid - 5Dacid (4.9)

The results of the measured and expected differences of leaf wax compounds for all months are

given in Table 4.5 and Table 4.6, respectively.

n-alkanes n-alkanoic acids

Plants
SDaSP™  Er  3Da®  Er  8Dak™"  Er | 8Dacid>®®”  Er  8Dacid®”  Er  8Dacid®"  Er
Tgl 241 124 441 133 434 101 240 124 441 133 433 101
Tg2 241 124 446 127 441 102 241 124 446 127 441 102
é Hel 207 118 386 133 398 105 168 118 347 133 359 105
'§ Hc2 194 120 378 129 396 103 162 120 345 129 364 103
sul 169 114 337 129 363 103 152 114 319 129 345 103
su2 144 111 314 131 339 107 149 11 319 131 344 107
Mul 157 118 332 135 358 111 148 118 323 135 349 111
Mu2 160 115 337 138 356 105 148 115 325 138 345 105
Scl 189 113 352 132 392 102 204 113 367 132 407 102
§, Sc2 185 114 362 132 390 103 189 114 366 132 394 103
L% cil 146 117 322 127 342 107 139 117 316 127 335 107
Ci2 146 114 313 127 334 1 138 114 305 127 326 111
Dm1 175 117 363 135 372 104 155 115 338 137 354 104
Dm2 187 115 348 134 383 107 152 114 338 132 349 108

Table 4.4. Modeled hydrogen isotopic compositions of n-alkanes and n-alkanoic acids in mature
leaves of each plant, if there occurs new leaf wax synthesis using tracer water only during

September, October and November. Er refers to the error associated with each modeled value.
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n-alkanes n-alkanoic acids
Plants ASDaSPAY  ASDa AU ASDaN A | ASDacicS A ASDacic@A ASD g NV-AW
Tgl ~12 4 ~16 —4 17 ~19
o Tg2 -1 -18 -21 1 - 9
S Hel -2 -17 29 - 47 98
S H2 14 -21 30 : : :
O su 19 28 i 5 35 i
Su2 54 82 90 9 43 66
Mul 16 23 101 -10 11 68
Mu2 —4 1 5 - - -
scl -9 25 45 3 15 -1
% Sc2 -2 -6 -8 0 -5 -
§ Cil ~12 27 4 9 -33 4
“oci2 -38 32 18 26 i -5
Dm1 -5 -5 127 2 -23 161
Dm2 -5 -7 4 - - -

Table 4.5. The measured increases in 8D values of n-alkanes and n-alkanoic acids of mature

leaves during September, October and November, compared to August 8D values.

4.2.4 Estimation of newly synthesized n-alkanes and n-alkanoic acids: a mass balance approach

The fraction of newly synthesized leaf wax compounds was estimated using a mass balance

approach. Here, the calculation is shown for November. The mass balance approach considered

the 6D/+%(and 8D/ 9) and SDYS*(and 5DY%%") as two end-members, and SDXS” (and 5D,

as the mixture, to estimate the newly synthesized n-alkanes (f,ew aix) and n-alkanoic acids

(fnew acia) @amounts for November. The following mass balance equation was used:

8D — 8Dge 410

Novx Aug
5Dalk - SDalk

f new_alk =
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SpNov _ spAvg

acid acid
fnew_acid - spNovs _ 5DAug (4.11)
acid acid

The frew aie @nd frew acia Values were also calculated for September and October. The results are

provided in Table 4.7.

In general, §DY%” and 6DJSY showed the maximum enrichment. The maximum
replacement of 26 + 5% and 33 + 7% of n-alkanes and n-alkanoic acids, respectively was observed
in only one of the two plants of Diospyros malabarica. Sterculia urens was the only species that

showed ~13% replacement in both plants (Table 4.7).
4.2.5 Uncertainty estimation associated with the estimations

Uncertainty associated with the parameters used in Equations 4.1 to 4.11 was estimated employing
Monte Carlo simulation. These parameters and associated 1-c uncertainty were derived from 1000
model runs with simultaneous and random 1-c perturbations with the normal distribution of the
input parameters given in chapter 2 (Tables 2.1 and 2.2). The runs with the negative vapor pressure
deficit (i.e. when the leaf inside water vapor pressure was lower than that of the atmosphere) values
were ignored. 10% uncertainty was considered for boundary layer conductance, barometric
pressure and 8D values of atmospheric water vapor. Uncertainty in the leaf temperature was the
standard error of estimation in the regression of air and leaf temperatures which ranged from 0.5
to 0.9 °C.

4.2.6 Variation in the oD values of leaf wax n-alkanes and n-alkanoic acids during the growing

season

Fig. 4.1 and Fig. 4.2 show temporal changes in 6D values of n-alkanes and n-alkanoic acids
in the periodically collected leaves of various species. Except for Sterculia urens (Fig. 4.1c),
variations in the 8D values of n-alkanes and n-alkanoic acids after the application of tracer water
did not show a systematic increasing trend. Further, two individuals of the same species did not
always show a coherent evolution of 3D values of the n-alkanes (and n-alkanoic acids) (e.g. Fig.

4.2a, 4.2d). The oD values of n-alkanes and n-alkanoic acids of the leaves collected in August
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(6D249, §D19), September (8D5:F, SD2PY) and October (8DJS, 5D2SL) were, in general,

lower than for those collected in November (§D257, §DYY) (Fig. 4.1, 4.2).

The expected oD values of n-alkanes and n-alkanoic acids if synthesized using the tracer

water alone in September (SD:.F%*, SD3P™), October (8DSSE*, 6DZL) and November

acid

(6DNev*, 5DNOV*) are also shown in Fig. 4.1 and 4.2.
4.2.7 Variation in 6D values of leaf wax n-alkanes and n-alkanoic acids in the next growing season

Twol/three sets of young leaves were collected from deciduous species at the beginning of
the next growing season (i.e. 2020). The leaves in the first set were not fully expanded; the rest
were fully expanded. The 6D values of n-alkanes and n-alkanoic acids of the first set of leaves
(collected in April 2020) were either equal to or more (by the maximum of 79%o) than §D%" and
5DV (Fig. 4.1). Higher 8D values of n-alkanes than n-alkanoic acids in the first set of leaves
compared to the second set of leaves were observed. The differences between oD values of n-
alkanes and n-alkanoic acids were 12 + 7% and —16 £ 28%o in the first and second set of leaves,

respectively, the two values being statistically different at p < 0.05.
4.2.8 Correlation between 0D values of leaf wax n-alkanes and n-alkanoic acids

Throughout the experiment, covariation in the temporal evolution of 6D values of n-
alkanes and n-alkanoic acids was observed (Fig. 4.1, 4.2). Overall, the 6D values of n-alkanes and
n-alkanoic acids showed a positive correlation (r> = 0.7, p < 0.05, n = 60) (Fig. 4.3).

4.3 Discussion
4.3.1 Replacement of n-alkanes and n-alkanoic acids in a growing season

During the experiment, the plants were initially watered with normal tap water (6D = —2%o)
from the 19" of May to the 15" of August and later from the 17" of August to the 5! of December,
with deuterium-labeled tracer water (3D = 1000%o). In the set of leaves that were collected after
tracer water application (i.e. in September, October and November), synthesis of new n-alkanes

and n-alkanoic acids would have resulted in higher 6D values.
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Dlants frew_ae (%) frew_acia (%)
Sept Er Oct Er Nov Er|Sept Er Oct Er Nov Er
g -3 1 1 1 -3 1|-1 1 3 1 -4 1
w» 192 o 1 3 1 4 1,0 1 2 1 2 1
& Hel -1 1 -4 1 6 1|4 2 10 3 20 4
% Hcz2 -5 2 4 1 6 1| 4 2 4 1 16 3
° Sul 6 2 6 2 13 3| 2 1 7 2 13 3
Su2 18 6 17 5 18 4| 3 1 9 3 13 3
Mul 6 3 5 2 21 5| -4 2 2 1 14 3
Muz -1 1 0 1 1 1 3 2 3 1 7 2
- Sci -3 2 5 2 9 2|1 1 3 1 0 1
3% Scz -1 1 -1 1 -2 1] 0 - -1 1 2 1
¢ Cl1 4 2 6 2 1 13 2 -7 2 1 1
- Ci -13 5 -7 2 -4 1|9 4 -7 2 -1 1
Dmi -2 1 -1 1 26 5| 1 1 -5 2 33 7
Dm2 -2 1 -2 1 1 1|5 2 -2 1 -1 1

Table 4.7. The estimated fraction of newly synthesized n-alkanes (f;,c\s a1x) and n-alkanoic acids

(frew acia) for September, October and November.

However, only a few plants showed higher 6D values (Fig. 4.1 and 4.2). In some species
(Fig. 4.1a, 4.1b) a decrease (mostly < 20%o; maximum of 36 %o) in 6D values of n-alkanes and n-
alkanoic acids was observed. The decrease in 6D values of n-alkanes and n-alkanoic acids observed
in mature leaves of a plant could reflect the inter-leaf 8D variability (i.e. 6D variations among
different leaves that flushed together) established before application of the tracer water which may
vary up to 38%o (Hou et al., 2007). A decrease in the 6D values of n-alkanes was also observed
after the application of tracer water in the mature leaves of a deciduous species (Figure 5 in
Kahmen et al., 2011).
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The difference between §DYS” and 8D/ (ASDX2"~**9) for studied plants ranged from —
21%o to 127%0 (mean 29 + 49%o, 1-6) which was higher than the corresponding differences for
September (ASD>:P*~*"%) and October (ASD2~**9) which ranged from —38%o to 54%o (mean

—1 + 21%o, 1-c) and —32%o to 82%0 (mean 2 + 30%o, 1-0), respectively (Table 4.5). A similar

Sept—Aug

sense of difference was also observed for n-alkanoic acids: ASD,;; varied from —26%o to

9%o (mean —1 + 10%o, 1-6); ASDL ™9 from —33%o to 47%o (mean 12 + 28%o, 1-c); and

acid
ASDYOP=A% " from —19%o to 161%o (mean 42 + 60%o, 1-6) (Table 4.5). Here, the negative
differences are likely caused by inter-leaf 6D variabilities established before the application of the

tracer water.

The expected increase in 8D values of n-alkanes if the earlier formed leaf wax (synthesized
using the normal water) was completely replaced by new wax (synthesized using the tracer water)
for September (ASD:;P"*~4*9), October (ASD2S4"%) and November (ASD°"*~**9) ranged
from 272 £ 118%o to 346 + 124%o, 447 + 135%o0 to 547 £+ 127%o, and 468 + 106%o to 542 + 102%o,

respectively (Table 4.6). The corresponding values for n-alkanoic acids for September

(ASDSEPE=419) October (ASDSS ~*9) and November (ASD %" 4"9) varied from 272 + 118%o
to 346 £ 124%o, 447 = 135%o0 to 547 + 133%o, and 473 = 111%eo to 542 + 102%o., respectively (Table
4.6). The source water 6D value during the second irrigation regime was 1002%o higher than that
during the first regime. However, because of the isotopic exchange of the leaf water with the
deuterium-depleted ambient water vapor (Kahmen et al., 2011), a concomitant increase in 6D

values of the modeled leaf wax compounds was not observed (Fig. 4.1 and 4.2).

The observed increase in 6D values of n-alkanes and n-alkanoic acids in various months
were much less than the expected values if the leaf wax pool is completely replaced (Fig. 4.4)
which indicated that the leaf wax compounds in the plants were (i) not replaced in September and
October in the majority of the individuals and (ii) either not or partially replaced in November.
The photosynthates formed using the tracer water were likely used to form structural components
(such as the latewood) of plants and/or stored for utilization in the next growing season. The
utilization of photosynthates formed during the mid- and late-growing seasons to form the
latewood of the current year and the earlywood of the next year has been demonstrated (Kagawa
et al., 2006).
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Fig. 4.1. The measured and expected oDa (solid lines) and 8Dacia (dashed lines) values of
deciduous species when irrigated with normal (6D = —2%o) water (green region) and isotopically-
labeled (6D = 1000%o) water (pink region). The period when the plants were not irrigated is shown
by white color. The symbols with error bars represent expected 6D values if the biomarkers were
synthesized using the isotopically-labeled water alone. Two panels for each species present 6D

variability of two individuals.
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(a) Memecylon umbelfatum
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Fig. 4.2. The measured and expected oDa (solid lines) and dDacia (dashed lines) values of
evergreen species when irrigated with normal (6D = —2%o) water (green region) and isotopically-
labeled (6D = 1000%o0) water (pink region). The symbols with error bars represent expected 6D
values if the biomarkers were synthesized using the isotopically-labeled water alone. The months

are of the year 2019. Two panels for each species present 6D variability of two individuals.
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Fig. 4.3. Correlation between observed oD values of n-alkanes and n-alkanoic acids. The black

and red lines are 1:1 and linear best-fit lines, respectively.
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Fig. 4.4. The observed and expected increase in 8D values of (a) n-alkanes and (b) n-alkanoic acids
for various months. See Table 4.3 for an explanation of the abbreviations. Tg: Tectona grandis,
Hc: Haldina cordifolia, Su: Sterculia urens, Mu: Memecylon umbellatum, Sc: Syzygium cumini,

Ci: Callophylum inophyllum, Dm: Diospyros malabarica.
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4.3.1.1 Extent of replenishment of leaf wax compounds during a growing season

In general, DY%” and SDYSY showed the maximum enrichment. The results of the
estimation of newly synthesized leaf wax compounds using a mass balance approach indicated no
or minor replacement (typically <2 %) by newly formed wax compounds (Table 4.7). The negative
fnew Values indicate cases where 8D values of leaf wax compounds of the subsequent months were
lower as compared to the 8D values in August. This is likely due to the inter-leaf 3D variability
(see discussion in section 1.2.3, Chapter 1). If the negative values of replacement (resulting due to
the lower 8D values in November than in August) were considered as no replacement, the average
replacement of n-alkanes and n-alkanoic acids were 7% (s.e.m. = 2%) and 9% (s.e.m. = 3%),
respectively. This implies that the bulk of the n-alkanes and n-alkanoic acids are synthesized

during the early stages of the leaf’s development in tropical angiosperm trees.
4.3.2 Timing of n-alkane and n-alkanoic acid synthesis

The field-based investigations of temperate (Freimuth et al., 2017) and sub-tropical (Yang
et al., 2021) angiosperms revealed that in deciduous species, n-alkanes are synthesized during the
early growing season whereas n-alkanoic acids are produced throughout the growing season. This
implies that n-alkanes and n-alkanoic acids record climatic conditions during the early and entire
growing season, respectively. Had this been held for tropical species, the n-alkanoic acids alone
would have reflected the 6D values of the tracer water in this study. However, covariation in the
temporal evolution of 8D values of n-alkanes and n-alkanoic acids was observed (Fig. 4.3) (r* =
0.7, p <0.05, n = 60). Contrary to extra-tropical studies (Freimuth et al., 2017, Yang et al., 2021),
our results suggested synchronous production of n-alkanes and n-alkanoic acids, and bias towards
climatic conditions during the early stages of the leaf’s growth. Our results find no difference in
the behavior of tropical evergreen and deciduous species in terms of replenishment of n-alkanes
and n-alkanoic acids. This is in contrast to the suggestion of continuous production of n-alkanes

only in evergreen species in sub-tropics (Yang et al., 2021).
4.3.3 Effect of the transfer of photosynthates from a growing season to the next on seasonality

It has been suggested that in deciduous species, stored carbohydrate reserves (formed

during the previous year’s late growing season) are utilized for the synthesis of leaf wax n-alkanes
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and n-alkanoic acids in new leaves of the current growing season (Tipple et al. 2013; Freimuth et
al. 2017). The carryover of bud waxes produced in winter to the next growing season has also been
indicated (Freimuth et al. 2017). Our experiment allowed us to verify the effect of carryover of

photoassimilate on the seasonality in 6D records of n-alkanes and n-alkanoic acids.

The metabolic shift from heterotrophic (i.e. derived from the photosynthates formed in the
previous growing season) to autotrophic (i.e. formed by photosynthesis using ambient water)
synthesis occurs when the leaf is expanded to 30 to 60% of its maximum size (Turgeon, 1989). As
the size of the leaves from the first set falls within this range, the 6D values of their n-alkanes and
n-alkanoic acids likely reflect the mixing of the current and previous year’s photosynthates. Had
they been synthesized using the stored photosynthates (likely synthesized using the tracer water)

alone they would have shown much higher 8D values, similar to §D)%"* and §DY5Y".

The 6D values of n-alkanes and n-alkanoic acids of the first set of new leaves (collected in
April 2020) were either equal to or more than D2%" and §DYSY (Fig. 4.1). This could have been
resulted either from the transfer of photosynthates to the next growing season and/or from a higher
transpirational enrichment of deuterium (~24-29 %o) in the leaf water of expanding leaves before
the development of cuticles (Freimuth et al., 2017). The lowering of 6D values in the second and
third set of leaves suggested a higher contribution from the autotrophic leaf wax synthesis as
observed by Gamarra and Kahmen (2015) and Freimuth et al., (2017). The higher 6D values of n-
alkanes than n-alkanoic acids in the first set of leaves (the difference of 12 + 7%o) and the converse
in the second set (the difference of —16 + 28%o) further support this conclusion as indicated by
Freimuth et al., (2017). In some plants, the lowered 6D values of the second/third set of leaves
values were comparable to 6D values of August, September and October of 2019 (Fig. 4.1). This
suggests that by the time the leaf matures, the contribution of the previous year’s photosynthates
to the leaf wax pool of the current year is minimal; hence does not significantly lessen the early

growing season bias in the leaf wax 6D records of deciduous species.
4.3.4 Implication for the leaf wax dD-based reconstruction from the tropics

The majority of the deciduous and evergreen mature leaves did not synthesize leaf wax n-
alkanes and n-alkanoic acids for ~ 4 months (i.e. during the application of tracer water for 110

days) in a growing season. As this period is significant compared to the range of the length of
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rainy season observed in tropical biomes (~60 to ~240 days, Bombardi et al., 2019), our results

have a bearing on interpreting leaf wax 6D-based paleoclimate reconstructions from the tropics.

In tropical deciduous forests, the leaf emergence and fall are associated with the start and
end of the rainy season, respectively (Van Schaik et al., 1993; Mediavilla and Escudero, 2003).
The leaf wax-based 6D records from dry tropical forests, which constitute about 42% of tropical
forests (Van Bloem et al., 2004), are likely to be biased towards climatic conditions during the

early growing season.

Tropical rain forest covers about 25% of tropical ecological zone (FRA, 2000).
Deciphering the seasonality in the leaf wax 0D records from evergreen biomes may not be
straightforward due to varying leaf production patterns. While the sunlight dominantly controls
pantropical leaf phenology (Van Schaik et al., 1993; Tang et al., 2017; Li et al., 2021), the effect
of vapor pressure deficit and soil moisture stress has also been observed (Li et al., 2021). The leaf
phenology in many evergreen species varies from twice a year (bimodal production) with peaks
occurring during April-March and September-October at the equator (3°S to 3°N) whereas
unimodal production occurs during July-August at latitudes beyond 5°S and 5°N (Li et al., 2021).
Thus, the leaf wax 8D records in evergreen catchments at the equator likely integrate climate
conditions of months associated with bimodal leaf production whereas those at relatively higher
latitudes will reflect the climate conditions during the single episode of leaf flushing. Further,
region-specific leaf flushing patterns have also been observed. For example, in monsoonal climates
the major leaf flushing in evergreen plants occurs immediately after the rainy season i.e. during
the early dry season, but much before the flushing in deciduous species (Chakrabarty et al., 2021).
This demonstrates the need to consider the leaf phenological pattern in the catchment while

interpreting the dD-based leaf wax records from the tropical evergreen biomes.

The influence of the summer monsoonal rainfall on the Indian economy is well established
(Mooley and Parthasarathy, 1983; Gadgil, 2003). The paleoclimate investigators (e.g. Sinha et al.,
2007; Prasad et al., 2014; Sarkar et al. 2015; McGrath et al. 2021) and climate modelers (Sharmila
etal., 2015; Vittal et al., 2020) often consider the core monsoon zone (CMZ) as a region of interest
because its inter-annual precipitation variability correlates well with the All Indian Summer

Monsoon Rainfall (Gadgil, 2003). Long-term hydroclimate reconstruction from CMZ could
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provide a crucial ‘target’ dataset for testing the utility of the global and regional circulation models
in predicting monsoonal precipitation during different mean states of climate. The current
(Champion and Seth, 1968) and past (Ali et al., 2019) vegetation of the CMZ is dominated by
tropical dry and moist deciduous forests. The tree species from these regions show a clear
seasonality in leaf production (Kushwaha and Singh, 2005). Extending the inferences of this work,

it is essential to consider the early growing season bias in leaf wax oD records from CMZ.

An interesting implication of vegetation-specific seasonality is that, on an orbital time
scale, when the dominant vegetation at a location shifts between evergreen (usually existed during
the wetter periods such as Holocene Climate Optima, HCO) and deciduous (observed during the
drier periods such as the late Holocene), the seasonality in the leaf wax 0D records might not be
stationary with drier phases exhibiting a stronger bias towards climatic conditions of the early

growing season.
4.3.5 Implication for leaf wax 6D records from regions with seasonally varying moisture sources

Many regions in the tropics exhibit seasonally varying moisture sources each having
distinct isotopic characteristics during a growing season (Aragués-Araguas et al., 1998; Yadava et
al., 2007; Levin et al., 2009; Sanchez-Murillo et al., 2016). For example, the southern part of India
receives the southwest (from June to September) and the northeast (from October to December)
monsoons each having a distinct isotopic signature (e.g. Yadava et al., 2007). The regions near the
transition between tropic and temperate zones often experience isotopically distinct tropical and
extra-tropical air masses during summer and winter, respectively (Araguas-Araguas et al., 1998).
Even though the seasonal vegetation from such regions receives both moisture sources, due to its
production mainly during the early stages of leaf growth, n-alkanes and n-alkanoic acids might not
record the isotopic signature of the moisture received during the latter part of the leaf growth.
Therefore, the seasonality issue in leaf wax dD-based records is likely to be critical in regions that

receive two or more moisture sources during the growing season.
4.4 Conclusions

Our seasonality study from the tropics, in conjunction with those from temperate (Tipple
et al., 2013; Freimuth et al., 2017) and subtropical (Yang et al., 2021) regions, indicate that the n-
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alkane dD records are biased towards the climatic conditions prevailing during the early stages of
the leaf’s growth. This study indicates 8D records of n-alkanoic acids from the tropics are also
biased towards the same. The climatic conditions that control the 3D values of the source and leaf
water during the early stages of the leaf’s growth are preserved in the leaf wax 8D records and
should be considered while testing the predictive skills of the climate models. In the case of
catchments dominated by deciduous species, this period coincides with the early growing season.
A critical examination of community-scale leaf production patterns is required to decipher the
seasonality in 8D records from the evergreen biomes. Therefore, the inclusion of an ecosystem-
level assessment of the leaf maturation period is recommended while carrying out leaf wax 6D-

based paleoclimatic investigations.
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Chapter 5

Calibration of plant-derived isotope proxies
against precipitation along a precipitation gradient

In western peninsular India
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5.1 Introduction

Precipitation plays a crucial role in controlling the carbon isotopic compositions (5'C) of
plants. Precipitation can modulate relative humidity which in turn affects the stomatal conductance
and ultimately the 5'C of plants (Farquahar, 1983; Diefendorf et al., 2010). It also controls the
relative proportion of trees and grasses, which have distinct 3'C values, at a given location. The
313C of plant-derived materials are incorporated into the soil, thereby influencing the 5!C of soil
organic matter (82Csom). Thus, 6Csom can be used for past precipitation and vegetation

reconstructions.

For quantitative reconstructions of past vegetation and precipitation conditions,
calibrations of the 3*Csom and 3**C of modern plants against precipitation amount are used. For
calibration, the modern plants and soil samples are collected from locations experiencing different
precipitation, preferably a precipitation gradient, and their §3C values are measured. The
measured §3C values of modern plants and 8*Csom are then correlated with the precipitation
amount and a calibration equation is established (Stevenson et al., 2005; Lee et al., 2005; Feng et
al., 2008; Murphy and Bowman, 2009; Kohn, 2010; Ma et al., 2012). India has several regions
with a large rainfall gradient which provides an excellent opportunity to carry out such calibration
exercise. However, only a few studies (Basu et al., 2015; Kirkels et al., 2022) have attempted to

calibrate the plant-derived isotope proxies with precipitation amounts in India.

To understand the variation of plant-derived proxies with precipitation amount in western
peninsular India, a field study along a precipitation gradient of ~500 to 3700mm/yr was conducted
(see Fig. 2.7 in Chapter 2). The ecosystems along the transect ranged from tropical forests to
shrub/grasslands. The detailed locations of the field have been provided in chapter 2 (Section 2.2).
This chapter deals with the results and implication of the variability of (i) the types of C4 grass
species, (ii) 8'°C values of C4 grasses, (iii) 8'3C of n-alkanes (8*3Cak) values in grasses, (iv)
313Csom values, (v) 8*3Cax values in soil, and (vi) D of n-alkanes (8Daik) values in soil, with

precipitation amount.
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5.2 Results
5.2.1 Grasses: speciation and their 6°C

Grasses were one of the main vegetation types, especially in the low and intermediate
precipitation locations. There were occurrences of both Cz and C4 grasses in the region; the former
was found only in the shaded areas in the higher precipitation regions (rainfall >2500 mm/yr) while
the latter was found everywhere. The C4 grasses were a minor component of the vegetation in high
precipitation regions and mainly occupied open patches in thick vegetation. In intermediate
precipitation regions (~1000 mm/yr), the proportion of grass was more than that in higher
precipitation regions whereas in low precipitation areas (~500 to 600 mm/yr) the grasses constitute
the dominant vegetation. As the Cz grasses were absent in low precipitation regions, they were not
considered for calibration against precipitation in this study. Henceforth in this chapter and thesis,
the term grass refers to C4 grasses only.
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Fig. 5.1. Different grass species identified along the precipitation gradient.
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Various grass species were present along the precipitation gradient. We observed clear
speciation in C4 grasses along the precipitation gradient (Fig. 5.1). Species such as Chrysopogon
fulvus, Dichanthium foveolatum, Heteropogon melanocarpus, Andropogon pumilus, Aristida
funiculata, Heteropogon contortus, Aristida stocksii, and Lophopogon tridentatus were found in
low precipitation (~500-600 mm/yr) regions. Arundinella pumila, Ischaemum travancorense,
Themeda quadrivalvis, Arundinella ciliata, Themeda tremula, Ischaemum bolei, Heteropogon
contortus, Eleusine indica were found in high precipitation (>2500 mm/yr) regions. Heteropogon
contortus, Apluda mutica, Chrysopogon velutinus, Heteropogon triticeus were found
inintermediate precipitation (~1000 mm/yr) regions. Heteropogon contortus occurred at low,

intermediate and high rainfall locations.
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Fig. 5.2. Variations in 8!3C values of grass leaves with precipitation amount. (a) §**C values of
individual samples, and (b) site-averaged §*3C values of grasses.

Fig. 5.2 shows variation in the 5'C values of bulk grass leaves with the precipitation
amount. The 5'3C values of grasses along the precipitation gradient varied by 4.7%o (i.e. from
—14.4%o t0 —9.7%o) (Fig. 5.2a), with an average value of —12.7 + 1.1%o (n = 22, 15). The §°C
values of various grass species at a location was as high as 0.9 %o (15). When the average §'°C
values in the given rainfall regime were considered, the §*3C values of grasses varied by 2.1 + 1.0
%o (i.e. from —13.8 + 0.5%0 to —11.7 £ 0.9%0) (Fig. 5.2b). A positive correlation was observed
between 5'3C values of grasses and precipitation amount along the transect. The 5*3C values varied
from —13.8 + 0.5%0 to —11.7 + 0.9%o with an increase in precipitation from ~500 to 3700 mm/yr
with a regression slope of 0.06%o/ 100mm (Fig. 5.2a).
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The 5'*Cai of grasses varied from —26.6%o to —19.1%o. The n-Cz, n-Cs1 and n-Css varied
from —26.6%o to —21.2%o, —26.1%o0 to —20.5%0 and —25.5%o to —19.1%o, respectively. As compared
to the variation in 8!3C of bulk leaves, a higher variation in the §'3Cai values was observed. Due
to this large variation, the §3C of all homologues of n-alkanes did not show a systematic variation

with precipitation amounts (Fig. 5.3).
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Fig. 5.3. Variations of 8*3C of (a) n-Cag, (b) n-Ca1, and (c) n-Css alkanes of the grasses with

precipitation amounts.
5.2.2 Soil Organic Matter (SOM)

The 5'3Csom values varied by 13.2%o (i.e. from —27.5%o to —14.3%o) along the precipitation
gradient. The 8'*Csom values at high, intermediate and low rainfall locations were —24.9 *+ 2.1%o,
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—16 + 0.3%0, and —15.6 + 1.2%., respectively. We observed a significant (p < 0.001) negative
correlation between §*3Csom values with precipitation amount with a regression slope of —0.34%./
100 mm (Fig. 5.4).

The §*3Cax of different homologues in soil varied between —36.6%o to —23.1%o. The n-Czo,
n-Ca1 and n-Caz varied from —33.3%o to —25.4%o0, —36.2%0 to —25.7%o, and —36.6%o to —23.1%e,
respectively. All the homologues showed negative correlation with precipitation amounts (Fig.
5.5). From high precipitation (>2500 mm/yr) to low precipitation (~500-600 mm/yr) regions, the
513C values of n-Cag, N-Cs1 and n-Cgs alkanes varied between —32 + 0.9%o to —27.6 + 1.6%o, —34.2
+ 1.4%o0 t0 —27.7 £ 1.4%o0, —34 = 1.9%0 t0 —26.1 £ 2.3%o, respectively.

The 3Daik values in soil varied between —150%0 to —100%o. The n-Cz29, N-C31 and n-Css
varied from —140%0 to —100%o0, —144%0 to —119%0, and —150%0 to —121%o., respectively.
Homologues n-Cz1 and n-Css showed a positive correlation with precipitation amounts whereas

the n-Cyo did not show any correlation (Fig. 5.6).
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Fig. 5.4. Variation of the bulk §*3Csom with precipitation amount.
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5.3 Discussion
5.3.1 Variation of 6'3C values of grasses with precipitation

In the studied transect, we observed a positive correlation between grass 6*3C values with
precipitation amount (Fig. 5.2). In India, only a few studies (Basu et al., 2015; Kirkels et al., 2022)
have correlated 5*3C values of C4 grasses and precipitation. In the Gangetic plains of India, the
S13C values of Cq4 plants showed a positive correlation with precipitation (Basu et al., 2015),
whereas in the Godavari basin region, no correlation was observed (Kirkels et al., 2022). Globally,
the correlation between 513C values of C4 grasses with precipitation amounts has been observed to
be positive in Australia (Murphy and Bowman, 2009), negative in northern (Ma et al., 2012) and
northeastern China (Weiguo et al., 2005) and zero in south Africa (Swap et al., 2004) and eastern

Mediterranean region (Hartman and Danin, 2010).

The observed positive correlation between §3C of grasses with precipitation is at odds with
the expected negative correlation between §*3C of vegetation and precipitation. The negative
correlation is expected through the influence of precipitation on stomatal conductance. A higher
precipitation often leads to higher relative humidity and hence higher stomatal conductance. This
in turn results in a higher concentration of intercellular carbon dioxide (CO2) which leads to higher
isotopic fractionation i.e. relatively more *2C is favored. The converse is true when the
precipitation at a given location is lower (and lower stomatal conductance; lower concentration of
intercellular CO2). Therefore, a negative correlation is expected between the §*3C of grasses and

precipitation.

The isotope fractionation in plants starts with the diffusion of CO; through the stomatal
apertures. The CO then dissolves and gets converted to HCOs and further fixed by
phosphoenolpyruvate (PEP) carboxylase into oxaloacetate. In Cs plants, after multiple
transformations, the CO: is released in the bundle sheath cells and re-fixed by RuP2 carboxylase.
However, some CO> may leak out of bundle sheath cells into the mesophyll cells, where it might

combine with CO> that diffuses through stomata (Farquahar, 1983).

For 5'3C values of C4 plants, the following equation was established by Farquahar, (1983):
S3Cpiant = 83Cenv — a— (Da+bzp—a) pi/pa, Where, 5°Cpiant and '3Ceny are §*3C of the C4 plant and

atmosphere, respectively; ‘a’ is the isotopic fractionation (4.4%o) during diffusion of COz2 through
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the stomata; ‘bs’ is the fractionation by phosphoenolpyruvate (~ —5.7%o at 25 °C) and ‘b3’ is the
fractionation by ribulose bisphosphate (~27%o); ‘pi’ is the concentration of intercellular CO2 and
‘pa’ is the concentration of ambient atmospheric CO2. ‘¢’, also known as leakiness, refers to the

proportion of carbon that leaks back into the mesophyll cells.

The ¢ of the C4 plants determines whether the association between precipitation amount
and 8'3C is positive (Murphy and Bowman, 2009; Basu et al., 2015), negative (Weiguo et al., 2005;
Ma et al., 2012) or zero (Swap et al., 2004; Kirkel et al., 2022). When ¢ is below 3.7, a positive
correlation may be observed between the 51C of C4 vegetation and precipitation amount (Murphy
and Bowman, 2009; Basu et al., 2015). The positive correlation between the §*3C of C4 grasses
and the precipitation amount observed in this study suggests that the ¢ values of the C4 grasses in

the regions are likely to be low ( < 3.7).

5.3.2 Correlation between 6'3C values of grass and precipitation: Implication for paleo-vegetation

reconstruction

Quantitative reconstruction of past vegetation using an isotope mass balance equation
requires fixing 5'C values of the end members of vegetation (i.e. C3 and C4 plants). Typically,
313C values of modern plants are used for this. However, if the precipitation amount controls §*3C
values of Cs and Cs end members, §*3C values of the modern plants may be different from the
ancient plants that were the source of organic matter in paleosols or sediments, as the ancient plants
might have thrived in a different climate setting compared to the present. Thus, there is a need to
account for the effect of past climate conditions on §*3C values of plant end members (Zhang et
al., 2003; Yang et al., 2015; Sarangi et al., 2021).

To know the effect of precipitation on 5*3C values of the end-members, often calibrations
of 313C values of modern vegetation against precipitation are utilized (Zhang et al., 2003; Vidic
and Montanez, 2004; Weiguo et al., 2005). This calibration could then be used to fix the end
member §*3C values if the precipitation during that period is independently known (for example,
from 8D studies).

In the studied region, the *3C values of C4grasses increased from —13.8 + 0.5%o to —11.7

+ 0.9%o with an increase in precipitation from ~500 to 3700 mm/yr which translates to 0.07 £ 0.03
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%o per 100 mm of precipitation. The actual fit yielded an equation: **Cca grass = (0.0006 + 0.0001)
* Rainfall — (13.9 + 0.27) (Fig. 5.2a). This suggests low sensitivity of the end member §'3C of
grasses for precipitation variability in the study area. This implies that minor fluctuations in
precipitation amounts in the study region would not exert a substantial influence on the §*3C values
of C4 grasses. Therefore, when the past precipitation changes are of lower magnitude, use of
modern end member 5'3C values of grasses in isotopic mass balance equations might not introduce

significant error in the reconstructed vegetation composition in this region.
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5.3.3 Variation in §2Csowm values with precipitation

In the study, a decrease in §*Csom values with increasing precipitation was observed (Fig.
5.4). Decrease in 3Csom values with precipitation has also been observed in arid and semi-arid

77



central East Asia (Lee et al., 2005), Northern China (Ma et al., 2012), multiple bio-climatic zones
of central east Asia (Feng et al., 2008) and Palouse region of USA (Stevenson et al., 2005).

The inverse relationship between §*Csom values and precipitation observed in this study
was likely a result of contribution from local vegetation. The proportion of C3/C4 vegetation in a
region is influenced by a range of climate factors, including rainfall intensity and seasonality,
temperature, atmospheric CO> concentration (pCOz), and humidity (Singh et al., 2016; Amir et al.,
2018). However, it's noted that the expansion of Cz or C4 vegetation in different ecosystems may
respond differently to these climate factor (Amir et al., 2024). For example, proportion of Cs4
vegetation increases with precipitation in North-West Indo-Gangetic Plain (Amir et al., 2024),
whereas, in other regions of Ganga Plain (Agrawal et al., 2012), expansion of C3 vegetation was
favored during high precipitation conditions. In the studied transect, trees were dominant in higher
precipitation regions whereas in lower precipitation regions there was a predominance of grasses
along with few scattered trees (Fig. 2.8 in chapter 2). The majority of tropical trees use Cs
photosynthetic pathway (Cernusak et al., 2007) whereas tropical grasses use Ca photosynthetic
pathway (Cerling et al., 2011). The Cz and C4 vegetation use different photosynthetic pathways,
and they fractionate carbon isotopes to a different extent which is reflected in their § *C values; ~
—20%o to —37%o for Cs plants (Kohn, 2010) and ~ —9%o to —16%o for C4 plants (Wynn and Bird,
2008). In the studied transect, the Ca grasses have §*3C values of —12.7 £ 1.1%o (n = 22, 15). Thus,
the observed 83Csom value of —24.9 + 2.1%. suggests a significant contribution from Cs plants.
Overall, the observed §'3Csom values in low (—15.6 + 1.2%o) and high (—24.9 + 2.1%o) precipitation

regions indicated a dominant contribution from C4 and Cs vegetation, respectively.

5.3.4 Correlation between §*3Csom values with precipitation: Implication for past precipitation

reconstruction

The calibration equation obtained from the correlation between modern §*3Csowm values and
precipitation amount was as follows: Rainfall = — (276.460 + 18.133) * §'3Csom — (3605.487 +
357.629), the standard error of estimate being 340 mm. This equation can be utilized to reconstruct

past precipitation conditions from 3**Csom values of paleosols in western peninsular India.

To understand the modern §*3*Csowm variation with precipitation amount in India, we have

combined our results with the available data from the core monsoon zone (Kirkels et al., 2022),
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lower Gangetic floodplains (Roy and Sanyal, 2022) and peninsular India (S.M. Devi, personal
communication) (Fig. 5.7). The study by Kirkels et al., (2022) include 8*3*Csom from the grasslands
(C4 flora), dry deciduous forests, thorny shrublands, moist and evergreen deciduous forests of the
core monsoon zone (Kirkels et al., 2022). The soil organic carbon from mixed moist deciduous
and evergreen trees, shrubs and grasses of lower Gangetic floodplains was sampled by Roy and
Sanyal (2022). The present study and the one done by S.M. Devi included semi-evergreen forests,

mixed forests and shrub/grasslands of western peninsular India.

Plotting 53Csom data from various geographical regions of India revealed a negative
logarithmic association between 5*Csom and precipitation amount (Fig. 5.7). The data exhibits a
relatively narrow spread in 5*Csom values at both low and high precipitation regimes, indicating
a relatively consistent response of plant-derived §*3C values in these precipitation conditions. In
contrast, a substantial spread observed in §*3Csom values at the intermediate precipitation regime

indicated an increased variability in §*3C values of plant-derived materials in the soil.
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Fig. 5.7. Variations in §**Csom and precipitation amount in modern soils of India. (Data source:
the core monsoon zone from Kirkels et al., 2022; Lower Gangetic floodplain from Roy and Sanyal,

2022; Western Peninsular India from personal communication with S. M. Devi).
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In Fig. 5.7, only the present study covers regions with high precipitation. Nevertheless,
the plot (Fig. 5.7) indicated a saturation of §*3Csom values in locations experiencing precipitation
more than 2000 mm/yr which is dominated by the Cs flora. The dominance of Cs flora at higher
precipitation regimes provides a plausible explanation for the observed logarithmic relationship
between §*Csom and precipitation amount. Additionally, in a global compilation, Stein et al.,
(2021) showed saturation of §**Csom values within Cs-dominated ecosystems around precipitation
of ~1500-2000 mm/yr indicating plant physiological response of C3 flora themselves becomes less

sensitive to increase in precipitation around ~2000mm of precipitation.

The substantial variation in §*Csom values observed in regions experiencing precipitation
between ~500 to ~1500 mm/yr (Fig. 5.7) can be attributed to the influence of mixed Cs-C4
vegetation rather than precipitation amount. The presence of mixed Cs-C4 vegetation could be
attributed to the influence of topography-mediated local hydrological conditions on the vegetation

composition in a region.
5.3.5 Correlation between 6*3Cai in soil and precipitation

In the studied transect, the 8*Cak in soils decreased with increasing mean annual
precipitation (Fig. 5.5). In high precipitation regions, the 53C values of n-Cz9, n-Cz1and n-Caz were
—32 + 0.9%o, —34.2 = 1.4%o0 and —34 =+ 1.9%o, respectively. In low precipitation regions, the §°C
values of n-Cag n-Cai1and n-Cazwere —27.6 £ 1.6%o, —27.7 £ 1.5%0 and —26.2 + 2.3%o, respectively.

As with the §*3Csom variations along the precipitation gradient, the negative correlation
between §**Csom Vvalues and precipitation amount may be the result of contribution from local
vegetation. The §*3C values of n-alkanes of C4 grasses in the studied transect varied from —26.6%o
to —19.1%o. In Western India, the 5'C values of n-alkanes of Cs and C4 plants ranged from
—37.4%0 to —30.1%0 and —25.8%0 to —21%o, respectively (Basu et al., 2019). Considering the
reported 33C values of vegetation (Basu et al., 2019 and this study), the §*3Cai values observed
in the studied transect represent the dominant contribution from Cz and C4 vegetation at high and

low precipitation locations.
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5.3.6 Correlation between 6*3Cai in soil and 5*3Csom values

In this study, both §*Csom and 8%Caxk in soil showed a negative correlation with
precipitation amount. When different homologues of §'*Cak in soil and §*Csom values were
compared, strong positive correlations were observed between them (Fig. 5.8) (Table 5.1). This
suggests that 8Caxk in soil and 83Csom values provide consistent information regarding
precipitation amount. Thus, §*Csom investigations, which are analytically easy to carry out, would

be adequate for past precipitation reconstruction in western peninsular India.
5.3.7 Correlation between dDai in soil and mean annual precipitation

In the tropics, the 8D values of precipitation decrease with increase in precipitation
amount (Dansgaard, 1964). Since the plants' dDaik values reflect the 6D values of precipitation,
an inverse relationship of dDak with precipitation amount is expected. Contrary to this, in the
studied transect dDaik vValues in soil showed a positive correlation (Fig. 5.6).

The positive correlation observed here indicated the effect of vegetation on 6Dai values
in soil. Several studies have reported higher dDaik Values in trees compared to grasses (Krull et
al., 2006; Hou et al., 2007; Basu et al., 2019) owing to the differences in apparent fractionation
factors (g4,,,) among trees and grasses (Chikaraishi and Naraoka, 2003; Sachse et al., 2012). For
example, in the Banni grassland of western India, Basu et al., (2019) reported D values n-Cag
alkane of Cs trees and C4 grasses as —133 + 25.1%o and —176 + 28.9%o, respectively and their
corresponding &g, values were —113 £ 25.1%o and —156 + 28.9%o, respectively. In the present
study, we could not analyze the 6D values of local vegetation. Nevertheless, the positive
correlation observed in this study indicates the influence of local vegetation composition (i.e. Ca4
and Cs vegetation domination at low and high precipitation regions, respectively) on the measured
dDaik values in soil. This suggests that the measured 6D values of the leaf wax derived compounds
should be corrected for the vegetation composition before reconstructing the 6D values of

precipitation.
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Fig. 5.8. Correlations of 8*3Cai of (a) n-Cas, (b) n-Ca1, and (c) n-Css in soil with §*3Csom values.

513Co9 513Csy 313Css 33Csom

513Co 1
513Csy 0.97 1
513Cas 0.98 0.99 1
513Csom 0.93 0.96 0.95 1

Table 5.1. Correlations (r-values) between §3Cai of different homologues and §**Csom.
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5.4 Conclusion

Precipitation is an integral factor in shaping the relative abundance of Cs-Cs4 plants in a
region and their 5'3C values. The precipitation along the studied transect in western peninsular
India varied from ~500 to 3700 mm/yr. The regions experiencing low precipitation (~500-600
mm/yr) had a predominance of grasses along with few scattered trees whereas high precipitation
(>2500 mm/yr) regions dominated trees. To calibrate the variations of plant-derived isotope
proxies along the precipitation gradient, we investigated the bulk §3C as well as §**Cai values of
C4 grasses; *Csom, 8*Ca and SDai values in soil along the transect.

Along the precipitation gradient, differential speciation of C4 grasses was observed. The
513C of modern grasses showed a positive correlation with precipitation amount. For quantitative
paleo-vegetation reconstructions at glacial/interglacial timescales, the calibration equation
obtained in this study [6*Cca grass = (0.0006 + 0.0001) * Rainfall — (13.9 + 0.27)] can be used to
fix the C4 grass end member. However, given the low sensitivity of §13Cc4 grass fOr precipitation
changes in the equation, such correction may not be necessary when the precipitation variability

is low.

The 53Csom showed a negative correlation with precipitation amount. Based on the
correlation observed in this study, a calibration equation has been suggested for past precipitation
reconstruction from 3**Csom values in western peninsular India [Rainfall = — (276.460 + 18.133)
* 5%Csom — (3605.487 + 357.629)]; standard error of estimate being 340 mm. A positive
correlation was observed between the §3Csom and §*Caik in soil, suggesting that the analysis of

313Csom is sufficient for precipitation reconstruction.

Contrary to the expected negative correlation between soil dDak values and precipitation
amount, a positive correlation was observed between them in the studied transect. It appears that
the positive correlation between the soil dDak values and precipitation could be a result of the
differences in the apparent fractionation factors (between the oD values of n-alkane and the source
water) of trees and grasses in the studied region. This issue should be considered before

reconstructing past precipitation changes using 6Dai values.
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Chapter 6
Conclusion
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6.1 Conclusions

A variety of climate proxies are used for precipitation reconstruction. However, in most of
the cases, the reconstructions are qualitative, limiting their utility. For quantitative precipitation
reconstructions, characterization of the climate proxies is needed. This work aims at characterizing
some of the plant-derived isotope proxies that are widely used in precipitation reconstructions. The
proxies considered were (i) the hydrogen isotopic composition (6D) of leaf wax derived n-alkanes
and n-alkanoic acids, (ii) carbon isotopic composition (5'3C) of soil organic matter, (iii) 5'3C and

3D of n-alkanes in soil organic material, (iv) 83C of grass.

In this work, the 6D and &,,,,, values of leaf wax n-alkanes and n-alkanoic acids in tropical
angiosperm trees (two plants each of four evergreen and three deciduous species) were
characterized by growing plants with water of known isotopic compositions. The seasonality in
dD records on n-alkane and n-alkanoic acids were deciphered through an isotopic labelling
experiment; whether or not the leaf wax compounds are synthesized in the mature leaves of tropical
angiosperms was tested. In a field study, 33C and 8D values of plant-derived proxies were
calibrated against precipitation amounts along the precipitation gradient in western peninsular

India. The following is the summary and conclusion of the present research work.
6.1.1 6D records of the leaf wax n-alkanes and n-alkanoic acids

6.1.1.1 Apparent fractionation factors (g4y,)

The &4ppvalues in the studied species were =119 + 23%o (n = 14) for n-alkanes and —126
+ 27%o (n = 12) for n-alkanoic acids of chain lengths Ca; and Cso, respectively. These values can
be used to reconstruct 6D of the past precipitation from the measured 6D of n-alkanes and n-
alkanoic acids in the tropical records. The uncertainty on these values gets propagated to the
uncertainty in 8D of reconstructed precipitation and hence to the inferred precipitation amount or
atmospheric circulation. This necessitates understanding factors that contribute to the uncertainty
on the &4y, values. Despite all the species being grown with the water of the same 3D value,
variation in &4, values were observed. This variability stems mainly from species effect i.e.
variation in the ¢,,, values of different species. Further, the similarity of the &,,, values of
different homologues of n-alkane (and n-alkanoic acids) suggested that in tropical catchments

dominated by angiosperm trees, a single &,,,, value could be considered while reconstructing
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hydrogen isotope of precipitation (8Dprecip) Values. No systematic difference between the &4,
values of deciduous and evergreen plants was observed. This implies that a shift in vegetation from

deciduous to evergreen might not lead to a significant shift in community-scale &4, values.
6.1.1.2 Seasonality in tropical leaf wax records

Our long-term isotope-labelled experiment showed that n-alkanes and n-alkanoic acids are
insignificantly produced in the mature leaves of tropical angiosperms; the bulk of them were
produced during the ecarly stages of the leaf’s growth. As the 8D of leaf wax compounds reflect
the 8D of the ambient precipitation, our results suggest that the 8D records of n-alkanes and n-
alkanoic acids from the tropics are biased towards the climate conditions existing during the early

stages of the leaf’s growth.

In the case of catchments dominated by deciduous species, the leaf emergence and fall
closely follow the rainy season. Hence the 6D records of n-alkanes and n-alkanoic acids from such
locations reflect climatic conditions at the beginning of the rainy season. The leaf phenology in
evergreen tropical locations is known to be affected by many factors such as sunlight variability,
vapor pressure deficit between leaf interior and atmosphere, and soil moisture. The leaf production
is reported to be bimodal near the equator and unimodal beyond 5°S and 5°N. This suggests that a
critical examination of community-scale leaf production patterns is required to decipher the

seasonality in 6D records from the evergreen biomes.

In tropical deciduous species, stored carbohydrate reserves (formed during the previous
growing season) are utilized for the synthesis of leaf wax n-alkanes and n-alkanoic acids in new
leaves. In our experiment, the 6D analysis of n-alkanes and n-alkanoic acids of new leaves
indicated minor incorporation of the previous year’s photosynthates. As the leave matures, the
contribution of the previous year’s photosynthates to the leaf wax pool of the current year is
minimal. Hence, the early growing season bias in the leaf wax 8D records of deciduous species is

not affected by the transfer of previous year’s photosynthates.

Quantitative paleo-precipitation data generated from leaf wax dD records are biased

towards the precipitation conditions during the early stages of the leaf’s growth. During validations
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of the climate models, climate parameters during the early stages of the leaves should be

considered as a ‘target’ dataset for replication.

6.1.2 Correlations of plant-derived isotope proxies with precipitation amount

This study reports the correlations of isotopes of soil organic matter and C4 grasses with
precipitation amount in western peninsular India. The 8*3Csom and &3Cak in soil exhibited a
negative correlation with the precipitation amount, whereas dDak in soil showed a positive

correlation. The 5*3C values of C4 grasses were positively correlated with precipitation amount.
6.1.2.1 02*Csom and 5**Cai in soil

Along the precipitation gradient, the 5:*Csom values increased from —24.9 =+ 2%. to —15.6
+ 1.2%o, corresponding to a decrease in precipitation from 3700 mm/yr to ~500mm/yr. The
following equation was derived from the correlation: [Rainfall = —(276.460 + 18.133) =
33Csom — (3605.487 + 357.629)]. This equation provides a means for past precipitation

reconstruction from §*3Csom values in paleosols in western peninsular India.

The 8'3Cai in soil exhibited a negative correlation with precipitation amount. Across the
gradient, from high (>2500 mm/yr) to low (~500-600 mm/yr) precipitation regions, the §*3C values
of n-Cag, N-Ca1 and n-Css alkanes varied within the ranges of —32 + 0.9%o to —27.6 + 1.6%o, —34.2
+ 1.4%0 to —27.7 £ 1.4%0, —34 + 1.9%0 to —26.1 £ 2.3%o, respectively. This study presents

calibration equations correlating various chain lengths §**Cai values with precipitation.

Upon comparing the values of §3Cai in soil and §'3Csom, Strong positive correlations were
identified between them. This implies that the §*Csowm investigations, which are analytically easy

to carry out, would suffice for past precipitation reconstructions in western peninsular India.
6.1.2.2 6Dax in soil

In tropical regions, the 8D values of precipitation typically decrease with an increase in
the precipitation amount. Given that the plants' 6Daik values reflect the 6D values of precipitation,
one would expect an inverse correlation of 6Dak With precipitation amount. However, in the study
area, 0Dak Vvalues in soil showed a positive correlation with precipitation amount. This
discrepancy suggests the influence of local vegetation composition (in terms of Cs and C4 end

member contributions) on the measured dDak values in soil. Therefore, it is recommended to
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correct the measured 6Daik values for vegetation composition before reconstructing the 6D values

of precipitation.
6.1.2.3 6*3C of C4grasses

Along the precipitation gradient, differential speciation of C4 grasses was observed. The
313C values showed a positive correlation with precipitation amount, increasing from —13.8 +
0.5%0 to —11.7 £ 0.9%0 in tandem with the increase in precipitation from ~500 to 3700 mm/yr. The
sensitivity of the 51C values of C4 grasses to precipitation change was calculated as 0.07 + 0.03
%o per 100 mm of precipitation. The low sensitivity implies that minor fluctuations in precipitation
amount are unlikely to impact the end member 5'3C values of C4 grasses significantly. Therefore,
in cases of lower magnitude past precipitation changes, the use of modern 5'3C values of C, grass
end-member may not introduce significant error in the vegetation reconstructions in western

peninsular India.
6.2 Future directions

The following future work directions were recognized for reliable quantification of past

precipitation in the tropics:

1. This study proposed community-scale &,,,, values of deciduous and evergreen trees
which would be beneficial in deciphering past precipitation variability in tree-
dominated regions. The &4, evaluation of grasses and shrubs needs to be considered
for precipitation reconstruction if these growth forms occur in significant proportion in

the catchments.

2. Along the precipitation gradient, the measured **Csom values exhibited a negative
correlation with precipitation amount, influenced by the relative contribution from
local vegetation. To explore the variations of 5*3Csom With precipitation across India,
the current data was compiled with available §**Csom data from other regions and a
negative logarithmic correlation was derived. However, a substantial variability of
~14%o in 8**Csom values was observed within the precipitation range of ~500 - 1500
mm/yr, suggesting contributions from mixed Cs-Cs vegetation. The considerable

313Csom Variability at a specific precipitation regime restricts the direct applicability of
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the obtained correlation. Towards this, it is important to understand how factors other
than precipitation influence the relative abundance of Cz and C4 vegetation in a region

receiving a given rainfall amount.

In this study, we have provided a calibration equation for 8**Csom and precipitation,
offering a tool for past precipitation reconstruction from paleosols. However, for
reconstructing past precipitation conditions using 8°C of organic matter from
lacustrine or marine sediments the extent of isotopic alterations during transportation
and deposition should be evaluated. In a catchment consisting of regions with distinct
vegetation types (e.g. the precipitation gradient considered in the present study with
evergreen forests in high rainfall region and grasslands in low rainfall region), it is
important to evaluate (i) how their relative proportions vary as precipitation changes
and (ii) in what proportions these regions contribute organic matter to the sedimentary

archives such as lakes or marine sediments.
We calibrated the $'3C values of Ca grasses with precipitation amount along a

precipitation gradient in western peninsular India. For broader applicability, similar

calibration studies can be extended to Cz growth forms.
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