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Abstract

Climate regulation services provided by tropical dry evergreen forest (TDEF), a threatened habitat of India’s Coromandel Coast, appear significant due to high carbon assimilation rates.  International markets for climate regulation represent an ‘anchor service’ potentially promoting TDEF restoration, co-beneficially generating multiple linked ecosystem services.  Understanding the forest type and carbon sequestration rate is essential to underpin these markets.  Literature suggests that TDEF is a broad categorisation of forest types shaped by environmental conditions and human pressures, a plastic biome rather than a definitive vegetation type, though regionally representative if now highly fragmented.  Previous estimates of carbon sequestration potential in restored TDEF were found to be flawed, calculated from incorrectly stated units in a source paper.  Structured literature review confirms the sparsity of relevant literature, though the distinctive nature of TDEF makes data transfer from other forest types unreliable.  From the limited literature, carbon sequestration potential from restoration of TDEF is of the order of 292 tC ha-1 (1,071 tCO2e ha-1), subject to multiple stated assumptions and significant uncertainty that is unquantifiable based on limited data.  Further research is required to quantify TDEF carbon sequestration and additional ecosystem services, expanding potential market-based restoration and informing optimal land use policies and practices.
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Research highlights

Tropical dry evergreen forest is a biome shaped by environmental and human pressures

High forest biomass and soil carbon assimilation contribute to climate regulation

Climate regulation by this forest type is one of many linked co-beneficial services

The climate regulation ‘anchor service’ can attract investment in forest restoration

Prior calculations based on data wrongly stated in source literature are corrected


1. Introduction

Consensual international studies (e.g. IPCC, 2001 and 2007) provide compelling evidence linking climate change to human-induced increases in atmospheric concentrations of greenhouse gases, particularly carbon dioxide.  The Kyoto Protocol explicitly accounts for sequestration of carbon through reforestation and afforestation (IPCC, 2007).  Carbon assimilation, defined as the overall rate of fixation of carbon through the process of photosynthesis, has become central to climate change research (Kaul et al., 2009 and 2010).  Tropical dry forests are of particular significance, accounting for approximately 42% of the landmass of the tropics (Miles et al., 2006).  Field et al. (1998) estimated that annual net carbon sequestration by tropical forests and savanna cumulatively account for 60% of global terrestrial photosynthesis, and tropical forests are of particular importance as stored carbon is portioned more or less equally between vegetation and soil (Ramachandran et al., 2007; Ravindranath et al., 1997; Malhi et al., 1999) though a study by Kaul et al. (2010) found that soil carbon can be almost double that in the biomass.  Climate regulation services by tropical dry evergreen forest (TDEF) may be particularly significant, as Kaul et al. (2010) found that evergreen forests in India assimilate carbon at a higher rate than other forest and grassland types.  This may exceed the world’s highest total biomass carbon density (living plus dead) reported by Keith et al. (2009) as 1,867 tC ha-1 from Australian Central Highlands temperate moist Eucalyptus regnans forests found amongst published global site biomass data (the source reference is Van Pelt et al. (2004) for living plus dead total biomass in >100 year-old E. regnans forest), a value that excludes soil carbon.

Forest loss or degradation has an adverse effect on controlling atmospheric carbon concentrations.  During the 1990s, tropical deforestation released approximately 1-2 billion tonnes of carbon per year, equating to 15-25% of annual global greenhouse gas emissions which exceeded transportation sector emissions over the same period (Gibbs et al., 2007; Madeira, 2008).  Conversely, IPCC (2000) estimated a total global potential carbon sequestration through afforestation and reforestation activities for the period 1995–2050 of between 1.1 and 1.6 Pg C yr-1 (1.1 and 1.6 x 109 Mg or tonnes C yr-1), of which 70% could occur in the tropics.  Consequently, carbon sequestration and biodiversity protection received increases in priority in scientific, governmental and civil-society agendas as a means to mitigate climate change (Diáz et al., 2009).  Under the international REDD+ programme, investment for carbon offsetting from developed nations funds protection and regeneration of developing world forests, providing developing nations with a source of revenue for the service of climate regulation (United Nations, 2008 and 2014).  This type of market-based instrument has promoted forest protection and plantation programmes in developing countries, yielding a range of benefits including carbon credits and the generation of significant income (Niles et al., 2002).  Forest regeneration can also produce a range of linked ecosystem service co-benefits in addition to the marketed service (Everard et al., 2017).

Quantifying the potential rate by which climate regulation can be influenced by forest conservation and restoration is necessary to underpin global markets for this ecosystem service.  However, despite a broad literature on carbon stocks, publications specifically addressing sequestration rates for different tropical forest types are sparse.  In India, Mani and Parthasarathy (2007) used different methods to estimate that above-ground biomass in TDEF varied from 39.69 to 173.10 Mg C ha-1 (tC ha-1).  For India’s dry tropical forest resource as a whole, Singh and Singh (1991) estimated an average standing crop of 66.98 t ha-1.  Chhabra et al. (2003) estimated that the total soil organic carbon (SOC) pool in Indian forests ranges from 4.13 Pg C (4.13 x 109 Mg or tonnes C) for the top 50cm soil depth to 6.18 Pg C (6.18 x 109 Mg or tonnes C) for the top 1 m soil depth.  Based on different forest types in India, the national average of soil organic carbon per ha in forest soil was estimated as 183 Mg C ha−1 (Jha et al., 2003).

Across India, approximately 36 million ha of degraded and non-forest lands were afforested between 1951 and 2002 (FSI, 2003; Forestry and Wildlife Statistics of India, 2004).  Ravindranath et al. (1997) and Kaul et al. (2009) respectively calculated marginal net sequestration rates of 5 Tg C (5 x 106 Mg or tonnes C) for the reference year 1986 and of 1.09 Tg C (1.09 x 106 Mg or tonnes C) for 2002 for India as a whole.  Lal and Singh (2000) estimated that, at then currently reported rates of biomass productivity of natural forest cover (1.1 Mg ha−1 yr−1) and plantations (3.2 Mg ha−1yr−1), forest carbon sequestration potential was in the range of 1.1 and 2.7 Pg C (1.1 and 207 x 109 Mg or tonnes C), respectively, by the years 2020 and 2045.  However, substantial variation was observed between forest types found in India, with total long-term average carbon stocks in biomass and wood products calculated at 156 Mg C ha−1 for slow growing long rotation forests and in the range of 101-134 Mg C ha−1 for fast growing short rotation forests.  These optimistic estimates of potential sequestration are however undermined by reports of rapid loss and degradation of forests across India.  Based on satellite data, Jayakumar et al. (2009) found alarming decreases in the extent of all of India’s major forest types (evergreen, deciduous, southern thorn and southern thorn scrub), all the more concerning as these rapid declines had occurred after India’s Conservation Act was passed in 1980 and the launch of a National Forest Policy in 1988, amongst other conservation initiatives intended to limit deforestation and conserve biodiversity.

Everard et al. (2017) describe how developing-developed world partnerships potentially present win-win opportunities for addressing climate-active gas emissions at lower cost, recognising the geographical independence of where carbon is emitted, stored and sequestered.  This is broadly consistent with measures under the REDD+ programme.  Principles of how REDD+ would operate in India are discussed by Sharma and Chaudhry (2013).  The particular case explored by Everard et al. (2017) – a partnership between south-west England and Tamil Nadu state, India, under The Converging World (TCW) model – was described in terms of an expanded PES (payment for ecosystem services) framework, initially founded on globally beneficial services generated by the function of carbon sequestration in the biomass and soil of restored tropical dry evergreen forest (TDEF).  However, a far wider, societally beneficial set of services (water regulation, storm buffering, harvested food and medicinal products, soil formation, etc.) provided by regenerating TDEF was also recognised.  If subsequently characterised and quantified, these additional services could provide additional bases for PES markets.  The process of carbon sequestration in TDEF is the basis for the ‘anchor service’ (sensu Everard, 2014) of climate regulation, constituting the driving interest around which systemic consideration and design can optimise co-delivery of a range of linked ecosystem service benefits referred to variously as ‘environmental services’ (sensu Schomers and Matzdorf, 2013) or ‘bundles’ (Balvanera et al., 2016: p.48) of greater potential cumulative societal benefit.  Everard et al. (2017) recognised that initial quantification of this anchor service was limited by sparse published data on sequestration rates in restored TDEF.  Considerable disparity was noted between published generic rates in temperate systems and the very few data available for a representative tropical evergreen forest type, citing Ramachandran et al. (2007) as the only directly comparable case study.  Everard et al. (2017) acknowledged substantial uncertainties in values extrapolated from such a sparse evidence base, though methods used to translate a value published by Ramachandran et al. (2007) into market values were conservative, precautionary and framed as being highly uncertain.

Quantification and monitoring of ecosystem service production and, if necessary, sanctioning mechanisms are necessary to underpin the development and operation of effective PES schemes (Meijerink, 2008; Sommerville et al., 2011; Potschin and Haines-Young, 2016).  For robust climate regulations and linked markets to be established for TDEF restoration, it is necessary to be clear about both the characteristics of this forest type and its associated carbon sequestration rate.

A review by Everard (2018) addresses the characteristics, representativeness, function and conservation importance of TDEF on India’s Coromandel Coast, comprising the south-eastern coastal region of peninsular India seaward of the Eastern Ghats and bordering the Bay of Bengal, between False Divi Point in the north and Kanyakumari at India’s southern tip (Figure 1).  This review found that TDEF is a product of natural forces (tectonic movement and biogeography, climate, soil type) as well as anthropogenic factors relating to forest use, conversion and protection throughout the long history of human activity on the Coromandel Coast (Begley, 1993; Begley et al., 1996; Chandra, 2011).  The population of Tamil Nadu state has boomed post-Independence from just over 30 million in 1951 to in excess of 79 million in 2017 (Indiaonlinepages.com, undated), intensifying these pressures, which have resulted in regionally characteristic though now fragmented forest with a 9-12 m canopy comprising climax vegetation that is commonly evergreen.  The simple leaves often with waxy upper surfaces characteristic of this forest type limits evapotranspiration, seeds are often contained in small fruits appearing between April and September, and trees exhibit slow growth with dense, hard wood and a general lack of thorns though with some exceptions, all apparently adaptations to infrequent, intermittent and unpredictable rains.  However, the broad literature reviewed by Everard (2018) reveals a high degree of heterogeneity of even closely adjacent extant forest stands, leading to the conclusion that, though there are some characteristic tree species, the categorisation of TDEF is representative of a larger, plastic biome (as for example ‘tropical rainforest’ or ‘coral reef’) distinctive to the Coromandel Coast and some other global regions with a similar biogeography rather than a specific vegetation type.  However, whether biome or distinctive forest type, the functions that TDEF performs and the breadth of ecosystem services that it provides are considered significant (Everard et al., 2017) and in particular through carbon sequestration functions that appear to be particularly significant given observed high soil organic carbon in TDEF.

Figure 1: Location of the Coromandel Coast, southern India
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This paper undertakes a structured review of available literature concerning the rate at which restored TDEF can sequester carbon, as a basis for subsequent development of ecosystem service market instruments (and PES in particular).  This may potentially provide a mechanism for quantification of the contribution of restored ecosystems to the meeting of human needs (Everard and Longhurst, 2018).  Improved knowledge can also better inform recommendations for enhancing the sustainability and net benefits of formal and informal strategies, policy instruments and practical land use management.


2. Methods

Identification of suitable literature from which to assess carbon stocks and sequestration in TDEF was founded on a systematic approach.  This entailed using the ‘advanced’ library search facilities available through the University of the West of England (UWE Bristol), accessing and interrogating a range of internal and external scientific databases.  Search terms and library items explored are listed in Table 1, which also notes three levels of filtering.  Initial search results returned a total of 39,420 potentially relevant items.  Filter #01 was then applied to limit the search to the 22 most relevant disciplines, reducing the number of potentially relevant items to 20,786.  Filter #02 restricted the search to the eight most relevant subject disciplines, still returning over 20,000 items.  At this point, a further strategic level of manual filtering was adopted, only accepting items that specifically address key habitat type, geography and the topic of carbon.  Despite this further level of sophistication, we found that there was still a low degree of relevance in most papers.  Beyond the first 250 returns from the search, relevance dropped off substantially with single search terms (such as ‘forest’) dominating the remainder.

Table 1: Extended review of literature pertaining to carbon sequestration in TDEF
	Search instrument
	Online ‘advanced’ search facilities of the University of the West of England (UWE) Library

	Terms searched
	tropical AND dry AND evergreen AND forest AND India AND carbon

	Items explored
	Book/e-book, Journal article, Book chapter, Thesis, Government document, Journal/e-journal, Technical report

	Initial search
	No disciplinary filter

	Filter #01
	Disciplines limited to (22): Agriculture, Applied sciences, Biology, Botany, Business, Chemistry, Ecology, Economics, Environmental sciences, Forestry, Geography, Geology, Government, Law, Meteorology and climatology, Physics, Political sciences, Public health, Sciences, Social sciences, Statistics

	Filter #02
	Disciplines limited to (8): Biology, Botany, Ecology, Economics, Environmental sciences, Forestry, Geography, Meteorology and climatology

	Manual filter of ‘top 250’
	Manually filtered out topics not focused on carbon:
· Non-TDEF (e.g. wet forests, deciduous forests)
· Non-trees (e.g. lianas)
· Non-India (e.g. Vietnam, South America, Ethiopia)
· Studies just on soil, water, biodiversity, etc.




3. Results

The sparse literature on forest of a relevant type and locality highlighted by Everard et al. (2017) is confirmed by the extended, structured review described in the Methods section, though these searches have located several more references.  However, in common with Everard et al. (2017), we find that a great deal of the literature addresses biomass rather than carbon, also often only addressing a limited component such as above-ground biomass.  The few sources addressing carbon tend to focus on stock, with even fewer directly assessing sequestration rate and those that do so largely by comparison of stock in different states.  In order to make use of the available data, three assumptions outlined in Table 2 are applied.

Table 2: Assumptions applied to convert data from literature sources

	1. Where biomass data is provided, almost invariably there no distinction as to whether this relates to wet or dry mass.  It is assumed that data relate to dry mass.
2. Carbon content of (dry) biomass is assumed to be 49.1%, following Ramachandran et al. (2007).
3. Mass of CO2 is calculated by multiplying C mass by 3.667 (molecular weight of CO2 divided by atomic weight of carbon).



Information from relevant publications identified by a structured search routine is recorded in Table 3, including pertinent data and its transformation into terms relevant to sequestration assessment.

Table 3: Relevant publications with data as presented and, as bullet points, commentary on transformation into terms relevant to sequestration assessment

	Ramachandran et al. (2007, p.327) state that “Vegetation biomass carbon density of 0.60 Tg ha–1 in semi-evergreen forests”, also presenting a range of summary data in a set of Tables.
· The 0.60 Tg ha–1 figure quoted above was used by Everard et al. (2017) to calculate a CO2 equivalent sequestration rate making a number of transparent and conservative assumptions, and noting a low degree of confidence in this value though finding no other contradictory evidence in the literature.  However, unfortunately, it subsequently came to light that the unit as presented by Ramachandran et al. (2007) was incorrect.  Also, the term ‘TOC’ is not defined by Ramachandran et al. (2007), leading to some assumptions.  Subsequent review of the data in Tables within the source paper reveals that this figure should be 0.60 Tg in a total of 3,962.23 ha of semi-evergreen forest, rather than per hectare.  Though other calculations by Everard et al. (2017) are found to be robust on review, the incorrect presentation of data by Ramachandran et al. (2007) means that CO2 equivalent sequestration rate calculated by Everard et al. (2017) was substantially overestimated.
· Note that the biomass value of 1,867 tC ha-1 in Australian temperate moist Eucalyptus forests reported as the world’s highest by Keith et al. (2009), derived from values published by Van Pelt et al. (2004) for living plus dead total biomass in >100 year-old E. regnans forest, approaches the order of magnitude of the value misreported by Ramachandran et al. (2007) when soil carbon is also taken into account making this value appear more plausible if high.

	Chaturvedi et al. (2011) report from study of a tropical dry forest (not specifically evergreen) in Uttar Pradesh state, India, that “Annually, the forest accumulated 5.3 t-C ha−1 yr−1 on the most productive, wettest Hathinala site to 0.05 t-C ha−1 yr−1 on the least productive, driest Kotwa site. This study indicated a marked patchy distribution of carbon density (151 t-C ha−1 on the Hathinala site to 15.6 t-C ha−1 on the Kotwa site); the maximum value was more than nine times the minimum value”.
· Extrapolation of annual CO2 equivalent sequestration rate from these figures could be based on an assumed time scale of progression to climax community, and conversion from C to CO2, though this has not been calculated as evergreen forest is not specified.

	Lal and Singh (2000) address the carbon sequestration potential of Indian forests and plantations, deriving a value of at least 0.125 Gt CO2 in 1995 from 64 Mha of forest cover.
· This value covers all forest types and is a generalisation, so is of limited value specifically to address the potential of TDEF.  However, division of 0.125 Gt CO2 by 64 Mha yields a sequestration rate of approximately 2 tCO2 ha-1 yr-1.  This low value compared to those of tropical evergreen forest, appears to result from addressing a wide mix of forest types.

	Joshi and Singh (2003) produced a conference paper addressing carbon sequestration by rehabilitating degraded forests in India.  The paper reports that 1,008.49 Tg C is sequestered over 75 years.
· Simple calculation of these data yields a figure of 13.45 Tg C yr-1 but the lack of supporting data in the paper on hectarage as well as coverage of total forest means that no meaningful extrapolation can be made to TDEF sequestration rate.

	Kishwan et al. (2012) address emission removal capability of India's forest and tree cover, estimating that 37.7 Mt C yr-1 were removed from 1995 to 2005 by a forest area 76.87 M ha of forest and tree cover
· Calculations based on these published figures suggest a removal (carbon capture) rate of 0.049 tC ha-1 yr-1.  However, multiple Indian forest types are considered.  This may explain why figures are low compared to those of TDEF.

	Mani and Parthasarathy (2007) calculate above-ground biomass (AGB) estimates in ten TDEF sites of peninsular India, use of two methods calculating AGB values ranging from 39.69-173.10 Mg ha-1.
· Whilst this study does address TDEF sites of peninsular India, there are uncertainties created by: (1) no clarity as to whether this is dry or wet weight; (2) exclusion of roots and soil; and (3) that this is stock rather than flow (e.g. rate of sequestration).
· Very crudely assuming that dry mass is presented, multiplying it by 2 as a conservative allowance of root and soil carbon, and multiplying again by 0.491 to give an approximation of carbon mass, this yields a total stock range of 39.0-170.0 Mg C ha-1 (= tC ha-1)

	Gibbs et al. (2007) published a paper on monitoring and estimating tropical forest carbon stocks to support REDD+ implementation, citing a biomass carbon stock estimate for TDEF of 72 t C ha-1 from IPCC (2007).  This estimate includes below ground forest biomass, based on a number of stated assumptions, but not soil organic carbon.
· Assuming that soil organic carbon is equivalent to that in biomass (observed by other authors for TDEF) this would yield a total TDEF stock estimate of 144 t C ha-1 (or 528 t CO2 ha-1)
· If this stock value is considered robust, a sequestration value could be calculated from an assumed baseline condition pre-restoration, averaged over growth to climax community

	Kaul (2010) published a PhD thesis Carbon budgets and carbon sequestration potential of Indian forests, found that between 1992 and 2002 about 0.79 Mha of forests were lost and 4.64 Mha were reforested giving a net increase in the total forest cover of 3.87 Mha, with carbon stocks in Indian forests increasing from 2849 Tg C to 2890 Tg C (an annual increment of 4 Tg of carbon and an average density of 43 Mg C ha-1) over the same period.
· These figures indicate not only stock, but also that the forest resource is dynamic with reforestation and plantations and deforestation occurring simultaneously.

	Ravindranath and Somashekhar (1995) highlighted the need to understand carbon sequestration potential of forestry and its financial implications, estimating that then current Indian C emissions from deforestation were nearly offset by C sequestration in forests under succession and tree plantations, highlighting the need for investment as the cost per tonne of C sequestered through forestry options was lower than that for energy generation options.
· This paper sheds interesting economic light on forest management for carbon without providing any new insight into actual carbon sequestration rates, and certainly not for any specific forest type.

	Mohapatra (2008) assessed a forestry-based carbon sequestration option for India, estimating that tropical forest in India holds on average 150-250 Mg C in live biomass which, if productivity were increased by fertilisation at a rate of 0.1% per year, would result in a net biomass C sink of 2.5 Mg C yr-1.
· It is not clear from the paper if this refers to a per hectare figure  but, if it does and assuming that soil carbon accretes at the same rate, enhanced forest productivity could then represent a net sink of 5 tC ha-1 yr-1.

	Various Indian Forest Service reports provide estimates of gross carbon stocks in India, none of which are amenable to braking down into forest type and locality, and hence meaningfully locally relevant sequestration rates.

	Jayakumar et al. (2009) observed changing perception amongst forest managers from utilization to conservation during the 1980s, following enactment of the Forest Conservation Act in 1980, but that remote sensing revealed a considerable amount of change in forest types between 1990 and 2003.
· This paper highlights the volatility of forests under different patterns of use and conservation, and so emphasises the complexity of carbon assessment whilst not providing and detail on carbon dynamics.

	Sahu et al. (2016) address forest structure, composition and above ground biomass of tree communities in tropical dry forests of the Eastern Ghats.
· The focus of this promising-sounding paper is deciduous forest, so data presented are not comparable.

	Ravindranath and Sukumar (1998) published on climate change and tropical forests in India.
· The paper addresses the implications of climate change for forests, rather than the influence of forests on climate change and regulation processes.

	Visalakshi (1993) assesses the standing crop of litter and their nutrients in two TDEF stands in India, finding production of 4.3-6.1 Mg ha-1 and 10.1-12.1 Mg ha-1 respectively, though not extrapolating this to sequestration rate.

	Silver et al. (2000) explore the potential for carbon sequestration through reforestation of abandoned tropical agricultural and pasture lands, reviewing literature that shows aboveground biomass increases at a rate of 6.2 Mg ha−1 yr−1 during the first 20 years of succession and at a rate of 2.9 Mg ha−1 yr−1 over the first 80 years of regrowth.
· As generic data, the study is interesting, setting a broad potential but not addressing the unique situation of TDEFR on the Coromandel Coast.

	Véga et al. (2015) assessed above-ground biomass in a complex tropical Indian forest using lidar.
· This paper is of interest in terms of testing a remote sensing technological approach, but provides no useful data to address the focal problem of this paper.

	Nair et al. (2009) explored agroforestry in India as a strategy for carbon sequestration.
· This paper is conceptually interesting but contains no data relevant to the problem addressed in this paper.

	Manhas et al. (2006) undertook a temporal assessment of growing stock, biomass and carbon in Indian forests.
· This paper addresses grossed-up values of biomass and carbon in forests, considering fluxes under exploitation and regrowth, but not broken down into a form from which useful data for this study can be derived.

	Mishra et al. (2013) estimated standing carbon stock in different tree species grown in dry tropical forests of vindhyan highland, Mirzapur, India.
· Though the study seemed promising, the stand of forest was in a campus near the River Ganga in Uttar Pradesh, so very similar to TDEF on the Coromandel Coast but with no transferrable data into this study.

	Moghiseh et al. (2013) describe how soil organic carbon (SOC) storage and CO2 flux into the atmosphere can be influenced by land use change, especially re/deforestation.
· These issues are discussed at broad scale with no transferrable data into this study.

	Parthasarathy et al. (2008) discuss the ecology and conservation significance of tropical dry evergreen forests of peninsular India.
· The studies are informative about general ecology and provision of some ecosystem services, but not specifically about carbon fluxes.



Many of the more generic references revealed from the structured search relating to extent and carbon stocks in Indian forest were already known, and have informed the Introduction of this paper.  This paucity of relevant literature echoes the conclusions of Everard et al. (2017), the structured review yielding no substantially new analyses of carbon sequestration rate in TDEF and also confirming its distinctively high level of soil organic carbon accumulation.  Of all of the publications reviewed, data in the Ramachandran et al. (2007) paper, ignoring the incorrect units reported on page 327 (see Table 3), provides the most defensible values from which to recalculate total potential carbon sequestration from restoration of TDEF.

Ignoring the incorrect statement of units relating to vegetation biomass carbon density of semi-evergreen forests, and receiving no response from attempts to contact the authors to access raw data, we have recalculated data provided in Tables published by Ramachandran et al. (2007).  The flow of calculations is illustrated in Figure 2.  Our recalculations and their associated generalisations and assumptions, as well as the sampling density on which the source values are based, are outlined in Appendix 1.  On the basis of these methods, we determine that total TDEF carbon sequestration potential arising from restoration of TDEF from ‘degraded’ to ‘very dense’ semi-evergreen forest is 292 tC ha-1, equating to a TDEF carbon dioxide equivalent sequestration potential of 1,071 tCO2e ha-1, with a high degree of uncertainty that is not readily quantified on the basis of available published data.  The small sample size (N=1) of relevant forest type from which this value is derived clearly creates substantial uncertainty compounded, as observed in assessing climate-active gas emissions and sequestration in wetlands, by the sensitivity of results to methods adopted (Lloyd et al., 2013).  It is also acknowledged that sequestration rate in restored TDEF will be variable during succession to climax community due both to variable carbon sequestration rates and timber production throughout tropical forest life (for example Quintero-Méndez and Jerez-Rico, 2017) as well as climate change that, in Tamil Nadu, is projected to raise maximum temperature by 2.2 and 3.1°C and decrease rainfall by 1-4 and 4-9 % for the periods 2035–2065 and 2065–2095 against a baseline period of 1970–2000 (Bal et al., 2014).  However, seeking to calculate changing sequestration rate over time against these predictions based on what is acknowledged to be a carbon sequestration rate subject to high uncertainty would generate only spurious precision.  For simplicity, a linear rate of sequestration over a century to climax community is assumed, generating an illustrative annual sequestration rate of 2.9 tC ha-1 yr-1, or 10.7 tCO2e ha-1 yr-1, with a high degree of uncertainty that is not readily quantified on the basis of available published data.


Figure 2: Flow of calculations used to transform data from Ramachandran et al. (2007) into potential carbon sequestration in restored TDEF
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The distinctive character of TDEF, particularly its propensity to accumulate substantial soil organic carbon but also storage in perennial vegetative parts, means that simple application of generic carbon sequestration values such as those published by German Bundestag (1990) are unlikely to be reliable.  Comparison with temperate systems, for example as provided in the Forestry Commission report Understanding the carbon and greenhouse gas balance of forests in Britain (Morison et al., 2012), highlights the extents to which these systems are incomparable in carbon intensity and seasonal variance.  Many other international studies were also excluded from our search, for example one on the Neblina Reserve rain forest in Northwest Ecuador in which it was calculated that 366 ha of forest would be protected from deforestation saving emissions of approximately 253,873 tonnes of carbon dioxide into the atmosphere over a 30 year period (Rainforest Concern, undated), from which one can calculate an average saving of 23.1 tC ha-1 yr-1 (or 84.8 tCO2 ha-1 yr-1).  However, rainforests are fundamentally different systems to dry tropical forests, with different accretion and breakdown rates in soil and biomass.  Due to the distinctive nature of TDEF, comparison or data transfer from these fundamentally different systems is unsafe.


4. Discussion

TDEF appears to be at best a coarse classification of a regionally representative forest type, plastic in local form significantly influenced by local variability in both natural and human factors, as well as edge effects.  As such, it is best considered as a biome with imprecise boundaries, as much reflective of ‘cultural landscapes’ shaped by long-term formative, destructive and potentially protective human interventions as it is a product of natural forces.  The term ‘Coromandel Coast forest’ may be less contentious, and therefore more helpful, if it evades some of the criticism levelled at TDEF as a strict botanical rather than a more generalised descriptor.  However, recognition of TDEF as a biome exhibiting considerable plasticity in no way undermines the functional value of the classification.  It may not be possible to be definitive about which tree communities constitute a ‘natural’ land cover, if indeed a meaningful baseline can be identified with confidence given continuing tectonic, climatic and human fluxes over extended time scales.  Nevertheless, restoration of this broad forest type/biome is important to rebuild the ecology and ‘carrying capacity’ of ecosystem services across the degraded Coromandel Coast ecoregion, helpful in combatting climate change, hydrological perturbations including pressing coastal saline groundwater intrusion problems (Bhattacharya et al., 2005; Kumar et al., 2014), erosion of soil quality and quantity, and pollination of crops in a predominantly agricultural region underpinning food security concerns (Everard, 2018).  Negative trends currently observed in all of these factors inhibit livelihood security and progress towards the UN Sustainable Development Goals (United Nations, 2015).

Based on the structured literature search, we suggest that functional enhancement of carbon sequestration potential likely to arise from TDEF restoration is in the order of 292 tC ha-1 (or 1,071 tCO2e ha-1).  However, given the limited sample size, albeit that data presented were averaged across multiple sampling locations, this gives rise to a high degree of uncertainty that is not readily quantified, or currently quantifiable.  Whilst subject to uncertainty, these calculated values provide an illustrative baseline upon which to establish an ecosystem service market for TDEF restoration.  Though substantial, this value is only 16% of the value reported by Keith et al. (2009) as the world’s highest biomass carbon density, drawing values from Van Pelt et al. (2004) for an Australian Central Highlands Eucalyptus regnans forest, which does not include stored soil carbon in TDEF which is known to be high.  Our conservative approach may mean that the value recalculated for TDEF may be an underestimate.  The markets being developed under the TCW developing-developed world partnership model are informed by these values, which may also prove illustrative for additional national and international markets for the service of climate regulation from TDEF.  The back-calculation method used in Appendix 1 represents a novel and replicable approach for deriving illustrative sequestration estimates from formerly published summary data on forest carbon storage where empirical data is lacking, supporting further research and indicative policy directions.  Further work is required to test this method in a range of forest and, potentially, other habitat types.

Climate regulation is just one of a linked set of ecosystem services provided by restored TDEF, for example with educational, traditional medicinal, handicraft and business-supporting services at Nadukuppam and Pitchandikulam amongst a broader range of beneficially co-produced ecosystem services (Everard et al., 2017).  Optimisation of all potential services in management policy and practice is necessary to address a linked set of human needs, as articulated by the UN Sustainable Development Goals (Everard and Longhurst, 2018).  Recognition of this diversity of potentially co-generated values should advise caution on TDEF management approaches such that maximisation of a narrow, focal service does not preclude or compromise a wider range of ecosystem service benefits (Millennium Ecosystem Assessment, 2005).  Furthermore, in agreement with Everard et al. (2017), there remains a need to quantify the potentially substantial multiple and multi-scalar benefits achieved through co-production of additional ecosystem services arising from restoration of TDEF and other currently degraded regional habitats, contributing to cumulative societal security and value, and also potentially bolstering international PES markets.


5. Conclusions

Further consensus is required on appropriateness of terminology to describe the regionally representative natural or semi-natural forest type on the Coromandel Coast.  The term ‘Coromandel Coast forest’ may be less contentious, and therefore more helpful, if it evades criticism of the term ‘tropical dry evergreen forest’ (TDEF).

Literature directly addressing, or amenable to confident extrapolation of, carbon sequestration potential in TDEF is very sparse.  Though methods and stated assumptions used by Everard et al. (2017) have been tested and found to be robust, input data on carbon stocks in TDEF were discovered to be calculated from incorrectly stated units published by Ramachandran et al. (2007), leading to overestimation of carbon sequestration potential.  Nevertheless, summary data published by Ramachandran et al. (2007) are still the most appropriate available source from which to calculate potential sequestration rates from TDEF restoration.  We have recalculated new values in this study on the basis of data presented in Tables within the Ramachandran et al. (2007) paper, using a range of stated assumptions and statistical techniques that are acknowledged as introducing further uncertainty.

Following detailed literature review and recalculation, our best estimate based on a limited dataset of the sequestration potential of TDEF restored from ‘degraded’ to ‘very dense’ semi-evergreen forest on the Coromandel Coast is 292 tC ha-1.  This equates to a carbon dioxide equivalent sequestration potential of 1,071 tCO2e ha-1.  There is clearly a high degree of uncertainty that is not readily quantified.  In deriving these values, we have avoided spurious certainty by assuming no change in the forest system in terms of climate and environmental management, although the wider literature suggests that India’s forest extent and condition remains volatile and that the local climate is likely to change.  Consequently, we recommend that further research is undertaken to explore the implications of current and planned land uses on the ecosystem services provided by TDEF, with a view to informing more sustainable management policies and practices to enhance the provision of beneficial services.

In addition to suggesting carbon sequestration potential, we also highlight a substantial knowledge gap introducing significant uncertainties and ambiguities.  There is therefore a need for further targeted research on actual rates of carbon sequestration, taking into account both above-ground and below-ground carbon in TDEF and other localised forest types to support more robust policies, PES markets and other restoration initiatives.

There is an additional need to quantify the multiple and multi-scalar benefits likely to be achieved through co-production of a linked set of ecosystem services, contributing to overall societal benefits arising from restoration of TDEF/‘Coromandel Coast forest’ and other regionally appropriate habitats.  Forest restoration and management policies and practices should be cognisant of these wider societal benefits, ensuring that they are not compromised by a narrow focus on carbon sequestration.  Further work is required to quantify these broader potential benefits, informing future land use strategies in order to better meet a diversity of human needs.
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Appendix 1: Extrapolating from data in Tables published by Ramachandran et al. (2007)
This Appendix contains calculations on forest and carbon figures published in a series of Tables in Ramachandran et al. (2007) to generate an approximate value of CO2 equivalent (CO2e) sequestration potential in TDEF.

Calculations by Ramachandran et al. (2007):

· Use an above-ground timber volume assessment method, then apply another method to extrapolate roots and stumps;

· Carbon content is then derived from total biomass using “…the minimum value of 49.1…” as a 1 conversion factor (we assume 0.491 of total biomass); and on this basis recalculating from information presented in tables rather than as presented with the wrong units in text of page 327; 

· Total carbon content is of 0.6 Tg in a total of 3,962.23 ha area of semi-evergreen forest, equivalent to 151 tC ha-1.

A problem arises in using these recalculated values to determine sequestration potential as the 0.6 Tg is a gross figure for the total stock of ‘semi-evergreen forest’ (3,962.23 ha in area), inclusive of all four categories of ‘very dense’, ‘dense’, ‘open’ and ‘degraded’ forest.  The 0.6 Tg figure therefore represents an average, and can not be used to reflect progression form one state of semi-evergreen forest to another.  The grossed up 0.6 Tg value is therefore not a safe basis for calculating potential sequestration.

In the absence of raw data, and after unsuccessful attempts to find current addresses for authors of the source paper, we have drawn information from Tables presented by Ramachandran et al. (2007) as a basis for recalculation as described below.


Biomass density in different forest states

Ramachandran et al. (2007, p.325), in the section Estimation of biomass carbon, report that twenty-five 20x20m samples were taken for each of five forest types (including evergreen forest).

Ramachandran et al. (2007, p.326) state that: “The total area under the semi-evergreen forest type is about 3962 ha that comprises 15% of the total forest area (Table 1). This forest type has been classified further into four subclasses based on the crown density, viz. very dense (> 70%), dense (40–70%), open (10–40%) and degraded (< 10%). The very dense semi-evergreen forest occupies 1984 ha which is 50% of the total semi-evergreen forest. About 25 and 21% of the semi-evergreen forests are under dense and open respectively. Only 4% is under degraded semi-evergreen”

Extrapolating these percentages, with admittedly a high degree of simplification:

· ‘Very dense’ = >7 times the density of ‘Degraded’ semi-evergreen forest;

· ‘Very dense semi-evergreen forest’ occupies 1,984 ha of total area 3,962.23 ha = 50.0% (at minimum 70% crown density);

· ‘Dense’ and ‘Open’ forest net up to 46% area, which I calculate = 1,822.63 ha (mean 40% crown density); and

· ‘Degraded’ area <4%, which assuming 4% = 158.49 ha (maximum 10% crown density).

On the basis of the figures above, acknowledging errors inherent in simplifying available figures but taking the conservative measure of ‘>70%’ = 70 and ‘10%’ = 10:
· 0.6 Tg = (70% density at 50% area) + (40% density at 46% area) + (10% density at 4% area)

· Therefore, overall, 1 unit x 4(%) + 4 units x 46(%) + 7 units x 50(%) = 538 units (comprising total 0.6 Tg)

· Implies that one unit = 1,115,241,636 g, so therefore…

· ‘Very dense semi-evergreen forest’:
· Total C = 350 (7x50) units @ 1,115,241,636 g = 0.390 Tg
· 0.390 Tg / 1,984 ha = 197 tC ha-1

· ‘Dense semi-evergreen forest’ and ‘Open ever-green forest’ combined:
· Total C = 184 (4x46) units @ 1,115,241,636 g = 0.205 Tg
· 0.205 Tg / 1,822.63 ha = 113 tC ha-1

· ‘Degraded semi-evergreen forest’
· Total C = 4 (1x4) units @ 1,115,241,636 g = 0.004 Tg
· 0.004 Tg / 158.49 ha = 25 (25.423) tC ha-1

· Implying that biomass carbon sequestration potential moving from ‘Degraded semi-evergreen forest’ to ‘Very dense semi-evergreen forest’ is 197 – 25 = 172 tC ha-1


Soil carbon in different forest states

In Table 2 (page 327), Ramachandran et al. (2007) present mean values for SOC at top (0 to 30 cm), middle (30 to 60 cm) and bottom (60 to 90 cm) soil depth.

Ramachandran et al. (2007, p.325), in the section Estimation of SOC, report that soil samples were collected at 145 locations.  Across the five forest types assessed, this averages 29 soil samples per forest type.

· “Very dense evergreen” mean values (we assume as this is not stated) for layers are 3.70, 2.21 and 1.82%C
· Acknowledging uncertainties created by calculation a new mean from three different means, and also that soil profiles  beneath the top 90cm are not significant carbon repositories, this yields a value of 2.58% C in the surface 0 90cm of soil

· “Degraded evergreen” mean values (I assume as not stated) for layers are 2.40, 1.10 and 0.91%C 
· Acknowledging uncertainties created by calculation a new mean from three different means, and also that soil profiles  beneath the top 90cm are not significant carbon repositories, this yields a value of 1.47% C in the surface 0 90cm of soil

So, if we know what the soil weighs (assume dry weight?) we can calculate SOC for the first 90cm:

· 1 ha = 104 m2, so 0.9m profile = 9,000 m3 

· If “One cubic meter of soil weighs between 1.2 and 1.7 metric tonnes” (source: https://www.reference.com/science/much-cubic-meter-soil-weigh-e48660fa83d913ab) then it follows that mean % C x hectarage weight yields:

· “Very dense evergreen” = mean 2.58%C of 9,000 m3 x 1.2 tonnes = 278.64 tC per hectare

· “Degraded evergreen” =  mean 1.47%C of 9,000 m3 x 1.2 tonnes = 158.76 tC per hectare

· Implies SOC sequestration potential = 119.88 tC per hectare (e.g. 278.64 ‘very dense’ minus 158.76 ‘degraded’ tC per hectare)

· Note that this is a conservative basis for calculation, as we are mainly dealing with TDEF restoration on degraded and generally highly laterised farmed land, likely to have a far lower carbon content that degraded forest

· There is nevertheless a level of assurance that the values of SOC are broadly in the same range as those for biomass, according with literature observations on proportions found in TDEF and similar forests (Ravindranath et al., 1997; Malhi et al., 1999; Ramachandran et al., 2007; Kaul et al., 2010)

Adding biomass and soil carbon together in different forest states

Adding the biomass carbon and SOC together we have:

· Biomass carbon sequestration potential = 172 tC ha-1 restoring from ‘degraded’ to ‘very dense’ semi-evergreen forest

· Soil carbon (SOC) sequestration potential = 119.88 tC per hectare restoring from ‘degraded’ to ‘very dense’ semi-evergreen forest

· THEREFORE, total carbon sequestration potential = 292 tC ha-1 (194 + 120 [119.88]) restoration from ‘degraded’ to ‘very dense’ semi-evergreen forest

· By calculation using the assumptions in Table 2, this produces a total carbon dioxide equivalent sequestration potential = 1,071 tCO2e ha-1
	

Confidence limits

These figures are highly uncertain, and so should always be interpreted and applied with caution.  The sparse data from which they are calculated does not allow for confident calculation of error.  However, Ravindranath et al. (2007) present data (Table 3, page 328) of a mean soil organic carbon (SOC) of 184.00 tC ha-1 with a standard deviation of 123.13 in ‘Total evergreen’ forest.  We recognise a high degree of uncertainty, but that this is not readily quantified on the basis of available published summary data.  Further primary data and methodological refinement is necessary to better quantify uncertainty.

All of these values are subject to the assumptions, generalisations and uncertainties noted above.
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Abstract


 


 


Climate regulation 


services provided by 


tropical dry evergreen forest (


TDEF


), a 


threatened habitat of India’s Coromandel Coast, 


appear 


significant


 


due to 


high 


carbon 


assimilation 


rates


.


  


International markets 


for 


climate regulation represent an 


‘anchor service’ potentially promoting TDEF restoration, co


-


beneficially generating 


multiple linked ecosystem services.  Understanding the forest type and carbon 


sequestration rate is essential to


 


underpin 


these markets


.  


Literature 


suggests 


that 


TDEF is a broad categorisation of forest type


s


 


shaped by environmental conditions 


and human pressures


,


 


a plastic 


biome 


rather 


than 


a 


definitive vegetation type


, 


though 


regionally representative 


if 


now highly fragmented.  


Previous 


estimates of 


carbon sequestration potential in restored TDEF 


were 


found to be flawed, 


calculated 


from 


incorrectly stated units in a source paper.  


S


tructured literature review 


confirm


s


 


the sparsity of 


relevant 


literature


, t


hough the 


distinctive 


nature of 


TDEF


 


makes 


data 


transfer fr


o


m other forest types unreliable.  


From the limited literature, c


arbon 


sequestration potential from restoration of TDEF 


is of the order of 


292


 


tC ha


-


1


 


(


1,071


 


tCO


2


e ha


-


1


)


,


 


s


ubject to multiple stated 


assumptions


 


and significant 


uncertainty 


that is 


unquantifiable based on limited data


.  F


urther research is required to 


quantify


 


TDEF 


carbon sequestration


 


and 


additional 


ecosystem services


,


 


expanding potential 


market


-


based restoration


 


and informing 


optimal


 


land use policies and practices
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