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Abstract

Over the past twenty years, government advisory bodies have placed increasing emphasis
on the need for adaptive measures in response to the effects of human-induced climate
change. Integrated Assessment Models (IAMs), which incorporate macroeconomic and cli-
mate variables, feature prominently in advisory content, though they rarely draw on data
from outside strictly constrained hypothetical systems. This has led to assertions that they
are not well-suited to approximate complex systemic human-environment processes. Modu-
lar, interdisciplinary approaches have offered a way to address this shortcoming; however,
beyond climate records, prehistoric data continue to be under-utilised in developing such
models. In this paper we highlight the contribution that archaeology and palaeoecology can
make to the development of the next generation IAMs that are expected to enhance provi-
sion for more local and pro-active adaptations to future climate change. We present data
from one of Southeast Asia’s most heavily developed river deltas: the Red River (Song
Hong) Delta, in Vietnam and localised analysis from the Trang An Landscape Complex
World Heritage Site, on the delta’s southern margin. Comparison is made between Shared
Socio-economic Pathways (SSP) 5-8.5 and SSP2—-4.5 emission projection models and the
Mid-Holocene inundation of the Red River Basin. We highlight the value to taking a scientific
long view of coastal evolution through an illustrative set of eight research foci where palaeo-
data can bring new and localised empirical data to bear on future risk management planning.
We proceed to demonstrate the applicability of palaeoenvironmental, zooarchaeological
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and historical evidence to management and the development of sustainable conservation
strategies using Trang An as a case study. In so doing, we further highlight the importance
of knowledge exchange between scientific, corporate, non-governmental, local, and state
stakeholders to achieve tangible results on the ground.

Introduction

Adaptive measures form an increasingly critical part of global responses to human-induced
climate change [1-7]. The development of such solutions is enhanced significantly by consid-
ering contemporary evidence within a broader temporal context, especially one that encom-
passes more than the last couple of centuries [8-10]. Palaeo-climate records obtained from ice
and sedimentary cores already contribute important data to global change science [4, 11-13].
However, while the potential for wider use of deep-time records of environmental change and
human activity has been highlighted repeatedly [14-27], their relevance to mainstream climate
and ecological advisory and policy literature is still not widely recognised. Here we show
where the incorporation of prehistoric evidence can help inform the next generation of Inte-
grated Assessment Models (IAMs) that seek to establish local pathways to sustainable infra-
structure management, particularly in the context of vulnerability to coastal inundation.
Demonstrating the value to be found in palaco-data requires more than simply presenting the
science, however. Archaeologists and palacoecologists must identify and develop ways through
which their work can inform practice [14, 28-31]. At the same time, there must be multi-stake-
holder buy-in from outside of these disciplines. In this paper we illustrate how both these
objectives can be achieved.

Adaptation and Integrated Assessment Models (IAMs)

IAMs incorporate macroeconomic and climate models in order to simulate alternative future
climate scenarios resulting from different policy actions [32, 33]. Since the 1990s they have
come to dominate simulations of the impact of climate change, though traditionally, the focus
has been at the level of individual economic sectors (e.g., agriculture or forestry). The majority
of original IAMs also rarely incorporated adaptation as a variable [34]. While the Policy Analy-
sis of Greenhouse Effect (PAGE) model was one exception, even this treated adaptation as a
variable set by the modeller [32, 35, 36]; indeed, adaptation as part of systemic response to cli-
mate change was not formally defined in respect to such models until 2001 [2]. These factors
inevitably reduced the effectiveness of decisions about climate adaptation [37], and it is now
widely accepted that greater consideration of temporal and spatial scales and interdependen-
cies within human and environmental adaptive systems is required [37-39]. Even now though
the scale of uncertainties and constraints involved presents difficulties to estimating the impact
of adaptation variables on modelled outcomes [37]. This situation is exacerbated by the fact
that state-of-the-art climate models may be underestimating the rate and extent of change by
weighting calibration towards processes that are discernible through observational records at
the potential expense of impacts, including transformational ones, from feedback mechanisms
that operate over longer time spans [40, 41]. Greater interrogation and incorporation of
palaeo-data is required to rectify this.

More recent IAMs have proven capable of simulating passive adaptation in the form of
endogenous market responses to climate-induced changes (e.g., reductions in rain-fed crop
production induced by decreased productivity of land due to lower precipitation). However,
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simulating the outcomes of pro-active (i.e., planned, or anticipatory) measures also remains a
challenge. IAMs can capture the trade-off between future damages and the mitigating effect of
current defensive adaptation expenditures via a ‘damage function’ (i.e., the penalty for envi-
ronmental degradation on production), but do so only imprecisely. For these reasons, simula-
tions continue to be employed within quite strictly controlled sets of conditions or have
assumed that the residual damages from climate change are minimised [42-44]. Thus, as the
timing and magnitude of the impacts of climate changes become increasingly difficult to pre-
dict the further forward in times one goes, so the returns on investments in adaptative mea-
sures intended to protect against future impacts also become increasingly difficult to predict.
Despite being a mainstay of widely circulated and influential outputs from government advi-
sory bodies, the capacity of IAMs to simulate the complexities of real-world conditions is now
under considerable scrutiny [25, 37, 45-48].

Recognition of these weaknesses has driven efforts to combine data at finer scales or from
outside tightly constrained economic parameters [49-51]. For example, the Dynamic and
Interactive Vulnerability Assessment (DIVA) tool has incorporated natural- and social sci-
ence-derived data [52]. Increasingly sophisticated iterations of DIVA’s modular approach
have been developed across a range of frameworks at different scales to simulate future risk to
global and regional coastlines [53-60]. However, the incorporation of adaptive measures into
these goal-oriented models, even of a more spatially resolved type, continues to focus on hypo-
thetical least-cost approaches towards achieving optimal management at broad scales that,
arguably, do not sufficiently consider local conditions or the potential impact of non-linear
dynamics, both of which are now seen as key to future conditions [61-64]. To improve the reli-
ability of forecasts and specific local outcomes of sea level rise, it is now recognised that the
next generation of Climate Change Impact, Adaptation & Vulnerability (CCIAV) models will
need a less abstract and more bottom-up approach to adaptation [31, 37]; one that balances
aggregated global scale IAMs with specific disaggregated local landscape scale circumstances
to deliver effective strategies [65-68]. Part of that revision includes a growing consensus that
projected outcomes of sea level change must take greater account of the effects of long-term
coastal processes and evolution [68-76]. In the following sections we illustrate the value of
such a perspective, drawing particularly on the results of fieldwork undertaken as part of the
SUNDASIA Project (2016-19) in the Trang An Landscape Complex World Heritage Site,
Ninh Binh Province, Vietnam.

Future and past inundation of the Red River Delta

By 2100, almost a third of coastal lowlands at risk from a predicted c. 1 m rise in sea level will
be in tropical Asia [77], with Vietnam ranking as one of the most vulnerable nations [78-80].
Currently, c. 70 percent of the country’s 93 million people live along its 3200 km coastline and
‘mega-deltas’ [81], exposing significant sections of the country’s economic activity to sea level
rise impacts [82-84]. The significant variability in regional and local effects from global mean
sea level change requires spatial and temporal refinement when assessing future coastal condi-
tions [69, 85-88]. Localised fluctuations in prehistoric sea level are still not fully understood in
Southeast Asia [89-91]; however, multiple high-quality datasets are now available [92-100].
For this paper, we created future coastline models calculated from Climate Central’s re-
worked Shuttle Radar Topography Mapping Digital Surface Model (SRTM DSM) [101, 102]
and sea level projections available via the NASA IPCC ARG6 Sea Level Projection Tool (SLPT)
(see Methods 1) [103-105], localised to Vietham’s Hon Dau National Sea Level Datum. From
these data we created a low resolution SRTM-derived DSM that simulated two Shared Socio-
economic Pathways (SSP) at radiative forcing levels 5-8.5 —specifically, at medium and low
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confidence levels—and the ‘most likely’ (SSP2-4.5 medium) emissions scenario to model how
rising seas may affect the Red River Delta (RRD). The chosen predictive scenarios use values
from the 50 quantile for the years 2050, 2100 and 2150. The DSM is adjusted for skewed ele-
vation due to the presence of vegetation and built features [101, 102].

As a first step towards integrating greater spatial-temporal resolution into models of coastal
change, we reference three time-intervals (9200-7000 cal. BP, 6500-5000 cal. BP & 4000-2500
cal. BP) during which palaeo-coastline configuration in the RRD was broadly compatible with
the SSP5-8.5 and SSP2-4.5 sea level scenarios. These are not intended to represent a direct
analogue to modern or projected conditions. Each time-interval is intended to provide a spa-
tially controlled starting point from which field-based prehistoric evidence can aid foci affect-
ing coastal change and, by extension, the development of responsive resource management,
and flood mitigation strategies. Eight such foci are discussed (Fig 1), though this is not
intended to be an exhaustive list. For the purposes of this paper, where our goal is to highlight
the potential utility of palaeo-analysis at a sub-regional and local scale, we have not attempted
a systematic segment-by-segment assessment of the deltaic coastline (an approach taken, for
example, by Fan et al. [106] and Ve et al. [107] in their historical time-series analysis of the
RRD). However, we envisage that this could mark a logical next stage. Palaco-coastline models
are drawn from the literature and are based primarily on sediment core lithology, composi-
tion, and biological proxies as relative sea level indicators. In addition to these data, one of the
sources, Hoang et al. [108], incorporated geomorphological proxies and shallow seismic sec-
tions into their model. Our own data from Trang An [100] (see Methods: 1) similarly, relies on
geomorphological proxies, particularly corrosion notches (Fig 2), supplemented by archaeo-
logical and coring data [109].

Fig 3 presents the SSP5-8.5 low confidence and current worst-case set of scenarios, for pre-
dicted sea level rise, including a mean sea level of +0.90 m by 2100. For this scenario, we found
that the early transgressive phase leading up to the Mid-Holocene (approximately, 9200-7000
cal. BP) provides a salient point of comparison in terms of coastal configuration. Assuming
that the RRD is not subject to compensating subsidence (i.e., where subsidence is balanced by
sediment supply), this was a period when the lower delta, particularly in the vicinity of the Red
River Deep-Seated Fault, likely lay 20-40 m below modern ground level. This created initial
conditions for extensive inundation despite sea levels still being 10-30 m below those of today.
Reference to this interval can assist modelling for worse-case scenarios that local policymakers
are now considering [110]. Palaeo-data from 9200-7000 cal. BP with respect to sediment trans-
port and salinity intrusion are instructive.

Sediment transport. Extending the reference timeframe for precipitation into the more
remote past is now recognised as essential to developing robust hydraulic models for flood

Coastal change foci SSP5-8.5 (low SSP5-8.5 (medium  SSP2-4.5 (medium
confidence) confidence) confidence)

Coastal change analysis
Hydrometeorological risk 4000-2500 cal. BP
Economic adaptation

Ocean-climate systems & feedback

Coastal stabilisation 6500-5000 cal. BP

Ecosystem restoration
Sediment transport

e P 9200-7000 cal. BP
Salinity intrusion

Fig 1. Examples of coastal change foci of attention to which palaeo-data can make significant contributions in the
context of modelling human and landscape responses to future sea level rise projections under emissions
scenarios SSP5-8.5 and SSP2-4.5. Highlighted time windows represent periods of focus herein; arrows indicate wider
applicability of datasets.

https://doi.org/10.1371/journal.pone.0280126.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0280126  February 8, 2023 4/42


https://doi.org/10.1371/journal.pone.0280126.g001
https://doi.org/10.1371/journal.pone.0280126

PLOS ONE Prehistoric pathways to Anthropocene adaptation: Evidence from the Red River Delta, Vietnam

Fig 2. Well-preserved corrosion notches in Trang An, such as these in the Tam Coc-Dich Dong part of the property, reveal separate phases of sea level
stability during the Mid-Holocene marine transgression (8000-4000 cal. BP). Notch locations and elevation data were recorded using either a Leica GS15
nRTK (network Real Time Kinematic) GNSS (Global Navigation Satellite System) receiver, and Leica TS06 total station, and later (in 2022) also a Leica BLK360
imaging laser (see inset). (Main photo: Ryan Rabett, inset photo: Thorsten Kahlert).

https://doi.org/10.1371/journal.pone.0280126.9002

defence, flood mortality prevention, and water-dependent infrastructure [73, 111]. Although
subject to long debate about its inter-regional asynchronous nature [112], the Holocene Cli-
matic Optimum (HCO) of the East Asian Summer Monsoon (EASM) represents a strong, sus-
tained, and possibly unstable interval [113] that can provide a helpful calibration for
simulations of future precipitation change [114].

Palynological evidence in the vicinity of the northern South China Sea place the HCO
9500-8000 cal. BP (Huguangyan Maar Lake) [115], 9000-6000 cal. BP (GLW31D core, north-
ern continental shelf) [116], 9000-7000 BP (U-Th) from the Dongge Cave speleothem record
[117], and 8000-7000 BP (Chonggqing, southwest China, and synthesised record) [113]. Coral
records from Sanya, Hainan Island [118] also suggest summer sea surface temperatures (SSTs)
may have peaked at up to 2°C higher between 6496 and 6460 BP (U-Th) than those reported
for the second half of the 20™ Century. With appreciably heightened levels of precipitation
accompanying the optimal EASM (20-30% above present values, based on evidence from fur-
ther east-Xinjie, in the lower Yangtze Valley, [114]) this likely resulted in increased surface
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Fig 3. SSP5-8.5 (low confidence) sea level rise models for the years 2050, 2100 and 2150, contrasted with published early to Middle Holocene coastline
models. The Trang An Landscape Complex World Heritage Site is highlighted. All SSP models were generated by Thorsten Kahlert exclusively for this paper
using Climate Central’s re-worked Shuttle Radar Topography Mapping Digital Surface Model (CoastaDEM®) courtesy of Climate Central https://go.
climatecentral.org/coastaldem/). Projected sea levels were obtained via the NASA IPCC AR6 Sea Level Projection Tool (https://sealevel.nasa.gov/data_tools/17)
(Image: Thorsten Kahlert).

https://doi.org/10.1371/journal.pone.0280126.9003

run-off and sediment transport into regional river systems [119]. Such conditions are reflected
ina9.11 m core extracted from the northeast margin of the Trang An massif (20° 17°7.01” N,
105° 54’ 21.59” E) from which almost 7.5 m of deposition accumulated over a period of c. 500
years, from 7948-7720cal. BP (UBA-25530) to 7576-7458 cal. BP (UBA-25527) [120]. Allow-
ing for differences in evolutionary history between deltaic systems, the average sedimentation
rate here of 15.16 mm/yr is comparable to the high rate recorded in the Pearl River deltaic
basin (11.8-15 mm/yr), and in other Asian deltas for this period [121, 122]. These data
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therefore present reference potential for models exploring the impact of the anticipated
increase in heavy precipitation during this century [5].

Salinity intrusion. The relationship between climate change variables and groundwater is
still poorly understood [123, 124]. Under current conditions, salinity intrusion is greatest dur-
ing the dry winter monsoon (December-April), when low river discharge means that tidal
action from the South China Sea can raise groundwater salinity for tens of kilometres inland
[124-126]. If exacerbated by drought conditions from strong El Nifio Southern Oscillation
(ENSO) events, this intrusion can reach much farther. For example, the 2015/16 ENSO coin-
cided with intrusion up to 90 km inland in the Mekong delta [127]. Studies examining the
impact of drought in the RRD are scarce, though the effects to salinity intrusion are expected
to be similar [128], and with ENSO intensity predicted to increase this century [129], palaeo-
records stand to make a valuable contribution to our understanding of its Holocene evolution
and impacts [130].

Currently, sea level rise is expected to accelerate saltwater intrusion into the RRD’s already
heterogenous aquifer system (comprising zones of fresh and salt water), causing significant
damage to the delta’s crucial agricultural sector [123, 124, 131]. As Larsen et al. [74] explain, in
the shallow Holocene (unconfined) aquifer, palaeo-saltwater extends up to 25 km inland (at
maximum chloride levels of 19.6 g/1), decreasing to c. 10 g/ (brackish) at 50-60 km from the
coast. As 4 g/l is the maximum tolerance for wet rice cultivation [132], deviation above this
value will likely decrease yields and increase the need for water management [126]. Salt intru-
sion gates on the Red River, Tra Ly River and Hoa River [133] already offer hard infrastructure
solutions but pose issues for ecological services [125]. If groundwater chloride levels in coastal
aquifers take up to 40-50,000 years to adjust to rapid sea level change, as Larsen et al. indicate
[74], palaco-data will be directly relevant to refining salinity intrusion data.

Fig 4 illustrates the SSP5-8.5 medium confidence forecasts that still highlight the scale of
inundation risk to the lower reaches of the RRD, equivalent to +0.77 m by 2100. Against this
medium likelihood scenario, we found correspondence in coastal configurations dating to the
time during and immediately after the Mid-Holocene high stand of 6800-6000 cal. BP [116],
with the exception of retrodictive modelling by Hoang et al [108]. Palacoenvironmental data
from this period can help guide the modelling of ocean-climate systems and feedback loops,
coastal stabilisation, and ecosystem rehabilitation.

Ocean-climate systems and feedback. The Mid-Holocene interval offers detailed insights
into the relationship between marine inundation and climate. For example, speleothem evi-
dence from Wuya Cave on the southwest margin of the Chinese Loess Plateau [134], supported
by more proximate regional data (such as coring from the Huguangyan Maar Lake on the Lei-
zhou Peninsula, China [135]), point to a marked transition in climate regime from more stable
to more chaotic fluctuations (at millennial, centennial, and decadal scales) superimposed on a
weakening (orbital scale) EASM. This shift has been linked to strengthened and increasingly
variable ENSO activity from c. 6600 BP (U-Th) [136], around the time of the high stand. With
continued uncertainty about projecting ENSO activity and impacts into the 21* Century [137,
138], exploration of such links through palaeo-data provides a valuable route to more robust
predictive models.

Coastal stabilisation. Hard infrastructure solutions, such as river dike systems, reservoirs,
and flood diversion structures, feature prominently in efforts to assess and mitigate flood haz-
ards and other projected erosional impacts from sea level rise [80]. There is also a long tradi-
tion of mangrove rehabilitation programmes in Vietnam. However, in the current drive to
employ natural solutions to parallel, if not replace, the use and maintenance of hard infrastruc-
ture, the response of mangroves to sea level rise is still a matter under investigation. Based on
current modelled expectations, a rate of sea level rise over 6.1 mm/year (i.e., that expected
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Fig 4. SSP5-8.5 (med. confidence) sea level rise models contrasted with Mid-Holocene coastlines. Coastal DEM®) courtesy of Climate Central (https://go.
climatecentral.org/coastaldem/). Projected sea levels were obtained via the NASA IPCC AR6 Sea Level Projection Tool (https://sealevel.nasa.gov/data_tools/17)
(Image: Thorsten Kahlert).

https://doi.org/10.1371/journal.pone.0280126.9004

under the Representative Concentration Pathway (RCP)8.5 scenario for 2050) may exceed the
tipping point at which mangroves are able to build vertically through sediment accretion [139,
140]. Hydrological and microclimate conditions affecting the prehistoric establishment and
long-term persistence of back-mangrove forest have been reported for the Trang An massif
[100, 109]. This record runs contra to the wider deltaic observed trend for mangrove decline
during the 6500-5000 cal. BP interval [141-145] and is explored in a later section of this paper.

Ecosystem restoration. This can be considered in relation to terrestrial habitats, particu-
larly where these exhibit potential for long-term stability (see herein) but is equally applicable
in relation to marine settings. For example, the dating of reef growth and die-back off the
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southern coast of Hainan Island (Luhuitou reef, Sanya) includes marked growth c. 6700-4000
BP (U-Th), linked to the Mid-Holocene high stand under conditions broadly similar to those
expected by 2050, and demonstrating future coral refugium potential in the northern South
China Sea [146].

The most likely of the future emissions scenarios (SSP2-4.5) and the inundation risk this
poses for the RRD are presented in Fig 5 for the years 2050 (+0.20 m), 2100 (+0.57 m) and
2150 (+0.95 m). Note, these values do not account for uplift/subsidence due to tectonic or

human-induced factors (e.g., groundwater extraction). We found that SSP2-4.5 predictions
exhibited correspondence to hindcast models of coastal conditions 4000-2500 cal. BP and, in
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Fig 5. SSP2-4.5 (med. confidence) sea level rise models contrasted with Mid- to Late Holocene coastlines. Coasta DEM®) courtesy of Climate Central
(https://go.climatecentral.org/coastaldem/). Projected sea levels were obtained via the NASA IPCC AR6 Sea Level Projection Tool (https://sealevel.nasa.gov/
data_tools/17) (Image: Thorsten Kahlert).

https://doi.org/10.1371/journal.pone.0280126.9005
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this case, particularly that of Hoang et al. [108]. These models and associated data are well-
positioned chronologically, and in terms of the substantial volume of evidence available, to
complement existing analysis of coastline change, hydrometeorological hazard prevention,
and in the development of economically adaptive strategies.

Coastline change analysis. The assessment of coastal morphological change over inter-
mediate timescales (months to decades) is vital to effective coastal management. This is, for
example, recognised in the time lag and the assignment of cause to changes in sediment dis-
charge in the Red River following construction of the Hoa Binh Dam [125, 147, 148]. Mean-
while, at a centennial-millennial scale, the relationship between sea level change and the
balance of sedimentation is there to be explored [149]. Palacoenvironmental and archaeolog-
ical datasets from the last 4000 years extend the reach of growing interest in long-term delta
progradation via palaeo-geographic, historical cartographic, remote sensing, and geological
studies [75, 106, 150, 151], and the extent to which factors such as, climate and heightened
storm-surge frequency, human impact, and mangrove distribution influence the sedimenta-
tion balance.

Hydrometeorological hazards. Karst systems are particularly susceptible to hydrological
disturbance and palaeoenvironmental change [152]. Such susceptibility requires close moni-
toring to predict and alleviate impacts from future extreme weather events, flooding, and land-
scape erosion. Data describing how hydrological, sedimentary, geomorphological, and
subsurface processes controlled the movement of water during past periods of extreme climate
can support these efforts. For example, sedimentary records from the north South China Sea,
such as the Pearl] River estuary and coastal dune deposits on Hainan Island [153, 154], docu-
ment heightened typhoon-like activity 3000-2700 cal. BP, coinciding with increased sea sur-
face temperature, ENSO, and storm-surge events. Sedimentological archives can help explain
the complex evolution of Holocene typhoons [154, 155], the impact of tsunami [156], and how
the processes controlling water movement interact across these events. Given the perceived
future risk from hydrometeorological hazards to agriculture and infrastructure [157], such
data stands to reduce the level of predictive uncertainty [136].

Economic adaptation. With localisation seen as a necessary balance to adequately model
variability in response to sea level change [68, 69], efforts are under way to downscale DIVA
models to include higher-resolution segmentation units of coastal areas and multiple dimen-
sions of spatial analysis (including extending those units inland) in order to achieve more
locally explicit, realistic, and relevant measures [59, 60]. Taking the area around Ninh Binh
and Nam Dinh in the southern RRD, as illustrative, lithological evidence shows rapid sedimen-
tation 4000-2500 cal. BP, in environments that correspond to a delta front platform [96, 108,
141, 145]. Macro-botanic and pollen records indicate the presence of true mangrove taxa early
in the local depositional sequence, later replaced by an increasing abundance of back man-
grove elements as emerging intertidal flats were colonised [141, 145]. Palynological evidence
from after 3340 cal. BP shows a sharp increase in non-arboreal pollen, dominated by Grami-
neae (potentially including the main wet rice species, Oryza sativa) Araceae and Gesneriaceae,
but also secondary forest, and upland cultivated taxa linked to increased human activity [143].
Such habitat change, in combination with evidence of settlement-in this case focused on sub-
stantial levees (3-8 km wide and 2-5 m above the surrounding landscape) along the Day River
[142]-provide baseline information on human adaptive response to newly reconfigured and
inundated landscapes.

Under all of the projected emissions scenarios in this section, the Trang An massif will
become coastal by 2150 (Fig 6). This makes it an excellent ‘anchor-point’ [100] location to
examine how palaeo-data can assist in creating locally attuned flood risk mitigation and con-
servation strategies. In the following sections we use palaeoenvironmental (mangrove),
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ensure returns on investment into such solutions (e.g., UN-REDD+ [161] and Vietnam’s
national Payments for Forest Environmental Services [162]). Mangroves are key storers of
‘blue carbon’ [163] and represent one of the planet’s remaining ‘irrecoverable carbon’ reserves
[164]. They also provide nurseries for species that underpin socio-economically important
nearshore fisheries and offer protection to coastal economies from extreme storm events
[165-168].

The significance of mangrove ecosystem services has been recognised in Vietnam since the
1970s. Starting in 1978 and continuing to the present-day, numerous State-funded and NGO-
supported projects have been undertaken [169, 170]. This has resulted in c. 43,750 ha of
restored mangrove. However, despite recognised successes in reducing the rate of mangrove
loss [171] nationally over the period 1983-2013, only the coastline from the Do Son Cape to
Lach Truong River in RRD has seen a modest net gain (+7127 ha) in mangrove forest area
[172]; a zone including Ninh Binh Province [173].

Since 2007, the Vietnamese Government has legislated a further nine key polices, strength-
ening the legal framework for mangrove conservation and increasing available funding [174,
175]. Challenges remain, however, such as navigating the relationship between infrastructure
expansion and conservation; provisions for enforcement; addressing a sometimes-dispropor-
tionate focus towards supporting new forest plantations over the protection of existing ones;
robust monitoring and evaluation systems; and equitable benefit-sharing to incentivise local
community involvement [172, 175]. These matters are compounded at the most basic level by
a lack of agreement over the reported extent of mangrove forestation. In 1998, Blasco et al.
[176] pointed out that global records of what constitutes mangrove coverage could include a
range of plant community-types and even areas of former mangrove converted to other uses;
an inconsistency that problematised assessment and valuation. This continues to be the case.
Estimates of the extant coverage in Vietnam 2000-2014 are illustrative and non-sequential:
e.g., (2000) 210,000 ha [177], (2007) 168,689 ha [171], (2012) 254,000 [178], (2014) 157,500 ha
[179].

The direct cost of mangrove restoration depends on the level of intervention required (e.g.,
from the cessation of logging to hydrological reconfiguration and hand planting). Estimates
(excluding land purchase) range widely in accordance, from 225 US$/ha to over 200,000 US
$/ha [180]. For Vietnam specifically, IUCN quotes a figure of 400-800 US$/ha for internation-
ally supported reforestation projects [181]. Meta-analysis of available mangrove economic val-
uation literature for Southeast Asia produced an estimated mean value of 4185 US$/ha/year
for the region’s mangrove ecosystem services, as of 2012 (excluding carbon sequestration, bio-
diversity, and recreational services) [178]. A detailed cost-benefit analysis of mangrove conser-
vation and restoration for Ca Mau Province in southern Vietnam-including an estimate of
carbon sequestration but excluding (among other values) recreation and biodiversity-calcu-
lated net benefits per ha for the year 2010 to be 1692.5 US$ [182]. On the basis of this latter
snapshot calculation, if the country as a whole were to pursue a restorative baseline of c.
408,500 ha reported in 1943 (excluding back mangrove) [172, 183, 184], net benefit (unad-
justed for inflation over the number of years required to reach such a baseline) could reach
upwards of 700 million US$/ha/year; a substantial boost to local coastal economies.

While it is widely accepted that historical processes and changing coastal dynamics are
important to the development of mangrove management and restoration [181, 185-187], and
the relevance of palaeoecological data has been flagged [188, 189], with few exceptions [190-
192], application to coastal or estuarine ecosystem restoration has lagged behind research in
lacustrine and terrestrial environments [192]. Here we reference published results from Trang
An [109] to illustrate the role that palaeoecological data can play in such programmes, particu-
larly with respect to site selection criteria and baseline mangrove community composition.
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Fig 7. The Vung Tham doline in the centre of the Trang An massif (2017). The white ‘V’ in the centre of the frame denotes the location of the coring site
(105.89745°E, 20.25281°N) (Photo: Thorsten Kahlert).

https://doi.org/10.1371/journal.pone.0280126.9007

Our findings show the importance of sub-coastal karst locations to the reestablishment of via-
ble mangrove reserves and how palaeo-data permits restorative actions to be pursued pro-
actively in protected locations where they might not otherwise be considered; an asset that
enhances the existing positive gains and climate-change related benefits from forest restoration
in an area of Vietnam’s coastline that is particularly vulnerable to erosion, storm, and inunda-
tion risks [193, 194].

Palaeoenvironmental reconstruction of Trang An’s past vegetation (see Methods 2) has
established the presence of mangrove habitats within a c. 20 ha doline in the interior of the
massif (Fig 7) from 8100 cal. BP, and its persistence there until as recently as 300 years ago-
long after the sea had regressed to modern levels from the Mid-Holocene high stand [109].
This late survival in the fossil record comprises taxa that are today found in back mangrove
habitats requiring input of freshwater (such as, Sonneratia, Excoecaria and Aegiceras [109, 158,
195]), making these prime candidates to incorporate into preparatory measures that will sup-
port expansion of functional mangrove ecosystems [140]. Sonneratia caseolaris is already com-
monly used in mangrove restoration in northern Vietnam [196]; however, the
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palaeoecological data suggest that additional mangrove taxa that thrived here-including Excoe-
caria agallocha, Aegiceras corniculatum, Bruguiera gymnorhiza, Xylocarpus granatum and
Lumnitzera racemosa-might be more appropriate choices for Trang An and similarly situated
inland sites currently, rather than species, such as Rhizophora apiculata and Kandelia candel,
which are more commonly-used at seaward-facing restorative sites [170, 181, 196, 197].

While the socio-economic importance of mangrove restoration and governance is well-
reported [166, 185, 193, 198], greater buy-in from all stakeholders, including local communi-
ties for whom clear identification and communication of benefits, beneficiaries, and potential
risks, involvement in decision-making and subsequent actions will be critical [199, 200]. Sedi-
ment deficits imposed by the damming, re-direction and channelisation of rivers [201],
increased reporting on adaptive actions [202], and the enhancement of existing capacity
among local stakeholder authorities to systematically define mangrove areas, as well as moni-
toring and reporting on the progress of forest reestablishment are among the additional chal-
lenges still to be met.

Mammal defaunation and reintroduction

The impact of defaunation on tropical plant communities, through vertebrate range reduction,
population decline, and local (or wider) extinction, is likely to be far-reaching [203], particu-
larly with the majority of tropical woody plant species (50-75%, and potentially as high as
90%) dispersed by birds or mammals [204-206]. New evidence also suggests that defaunation
compromises the ability of global plant communities to track climate change [207]. Given pro-
jected impacts, such interconnectivity underscores the urgency with which faunal and floral
species conservation measures need to be pursued in tandem.

The restoration of biotic connectivity features in the Global Standard for Nature-based
Solutions (Criterion 3, Indicator 3.4) [208]. However, research into the impact of defaunation
on the structure and integrity of tropical forests remains in its early stages. To date, most stud-
ies continue to be based on realistic and precise population models of individual tree species,
but realistic and generalised models that can better account for complex interactions within
forest systems [209], and the extended time periods over which impacts can manifest [210,
211] are yet to emerge. While the potential impacts of reduced seed dispersal discussed here
are widely considered, the impact of changes to seed predation-be it reduced by the loss of
large vertebrates or compensated for by increases in other seed predator guilds such as insects
and fungi-has still to be comprehensively assessed or integrated into predictive models [209,
212]. Observations and recommendations that can be made on the basis of the palaeoecologi-
cal and zooarchaeological records highlight the relevance of deep-time evidence to this emerg-
ing field [213] and present potential avenues where these data can help efforts to address
defaunation.

Southeast Asia’s limestone karst environments currently represent some of region’s most
critically at-risk biodiversity ‘hotspots’ [214-222]. Across Vietnam, karst systems make up 18
percent of the country’s geography [223, 224], including three of its inscribed World Heritage
sites-Ha Long Bay (1994), Phong Nha-Ke Bang (2003) and Trang An (2014). With combined
visitor numbers to Ha Long Bay and Trang An in 2018 exceeding 10 million [225], even in the
post-Pandemic era these protected reserves will likely remain essential to the country’s bur-
geoning ecotourism sector, wider future economic buoyancy [225, 226] and conservation
initiatives.

At a regional scale, the precarious state of mammal biodiversity in karst zones is accentu-
ated when it is compared against the biodiversity evidenced in the zooarchaeological record
[159, 227, 228]. This trend is confirmed by archaeological excavations in Trang An, where
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Table 1. Mammalian genera (> 2 kg) identified from archaeological investigations in Trang An by the SUNDASIA project compared to those recorded in the same
landscape today and their major ecological role(s) with associated references.

Archaeological (Genus)
Manis

Macaca
Trachypithecus
Arctonyx
Arctogalidia
Paradoxurus
Panthera
Prionailurus

Ursus

Tragulus

Rusa

Axis (= Hyelaphus)
Muntiacus
Hydropotes

Bos

Capricornis

Sus

Hystrix

Atherurus

https://doi.org/10.1371/journal.pone.0280126.t001

Extant Major ecological role(s)

- predator of social insects [233]
X seed disperser [233]

seed predator [233]

X seasonal seed disperser, mesopredator [234, 235]

(reintroduced)

- potential seed disperser [236, 237]
- seed disperser, mesopredator [233]
- top predator [233]

X mesopredator [233]

- seed disperser [233]

- seed disperser [233]

- seed disperser, browser [233]

- seed disperser, grazer [238]

- seed disperser, predator, browser [233]
- seed disperser, browser [239]

= browser [233]

- browser [233]

X seed predator, nest builder [233]

X seed predator [233]

- seed predator [233]

analysis of prehistoric vertebrate fauna has identified the presence of at least 19 genera of
mammals > 2 kg (18,700-11,200 cal. BP). This compares starkly to as few as six extant in the
landscape today (Table 1, see Methods 3 & 4). Loss on this scale is liable to compromise biolog-
ical networks [221-224], including the capacity for seed dispersal, especially among large-
fruited or large-seeded plant species that occur in Trang An-such as, Dillenia indica L. (Dille-
niaceae; ‘Elephant apple’), Artocarpus spp. (Moraceae; congenerics of jackfruit, ‘chempedak’
and breadfruit), Mangifera spp. (Anacardiaceae; ‘wild mangoes’), Garcinia spp. (Clusiaceae;
congenerics of mangosteen) and Diospyros spp. (Ebenaceae; congenerics of persimmon) [109,
195, 229-232].

The temporal persistence of biodiverse locales due to buffering influences such as topogra-
phy and microclimatic diversity [240] is seen as an essential criterion to their functionality as
reliable foci for conservation efforts [241], and for consideration as refugia against future cli-
mate change [242]. Palaeoenvironmental evidence from Trang An has established that lime-
stone forest vegetation prevalent here during the Late Pleistocene compares closely to that
seen on the massif today [109, 243] (Fig 8). These findings suggest that the property’s complex
topography has provided just such a buffering mechanism and raises its potential as an ecolog-
ically diverse setting capable of persisting through the impacts of future climate change. What
is less clear is whether it will be able to do so in its currently defaunate state and, even if resto-
ration measures can be instigated, if recovery will occur at a rate that will be quick enough to
accommodate the pace of expected climate change, or where along that trajectory thresholds
to (or away from) resilience and sustainability may be found.

In a region where ecosystem restoration is critically understudied [244], the multi-proxy
evidence obtained from Trang An for long-term habitat continuity, together with the archaeo-
logical recovery of key locally extinct vertebrate taxa demonstrably present in prehistory under
similar conditions to those prevailing now [227, 245, 246], provides an opportunity to explore
the risks and benefits of species reintroduction here.

PLOS ONE | https://doi.org/10.1371/journal.pone.0280126  February 8, 2023

15/42


https://doi.org/10.1371/journal.pone.0280126.t001
https://doi.org/10.1371/journal.pone.0280126

PLOS ONE Prehistoric pathways to Anthropocene adaptation: Evidence from the Red River Delta, Vietnam

Fig 8. Vegetation cover on the Trang An limestone massif. Palaeoenvironmental evidence from Trang An indicates that broad habitat conditions found on
the massif today extend back to at least the Late Pleistocene (Photo: Ryan Rabett).

https:/doi.org/10.1371/journal.pone.0280126.g008

Defined as ‘the intentional movement and release of an organism inside its indigenous range
from which it has disappeared’ [228, 247: 3, 248, 249], reintroduction presents as a viable
approach towards ‘rewilding’ an ecological system and towards bolstering self-regulation
[250-252]. Although the concept of rewilding has itself generated considerable debate [253-
255], the IUCN’s Commission on Ecosystem Management (CEM) Rewilding Thematic Group
recently published (2021) a set of ten guiding principles to bring a more unified understanding
of rewilding to the forefront of global conservation efforts [256]. Six of those principles relate
directly to matters covered in this paper, including, the utilisation of wildlife; landscape scale
planning; recognition of the dynamic nature of ecosystems; the use of reference ecosystems
with relatively complete biota, degraded sites or historical data to compare the effects of rein-
troduction measures aiming to restore trophic interactions; the use of rewilding as a tool to
mitigate climate change impacts; and engagement with local knowledge and stakeholders.

In recognition of inherent uncertainties in seeking to re-establish complex extinct ecologi-
cal networks, such principles need to be supported by science-based decision frameworks.
These must systematically assess suitability between candidate species and potential release
habitats, the ecological functions to be restored, and the range of likely costs and benefits of
the action [249, 257]. Galetti et al. [251] have proposed that candidature may be favoured for
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Fig 9. Potential candidates for refaunation in the Trang An Landscape Complex World Heritage Site. Photo credits (left-right): Large-antlered muntjac
(Muntiacus vuquangensis) (@Association Anoulak); Water deer (Hydropotes inermis) (Seong-Won Cho); Delacour’s langur (Trachypithecus delacouri) (Ryan
Rabett).

https://doi.org/10.1371/journal.pone.0280126.g009

) are in the first instance

species that " have suitable existing stocks that can be drawn upon; >
lower tropic level generalists, which are suited to providing an ecological service that is impov-
erished or absent; * do not represent a high health or economic risk to humans; *) can be man-
aged in the event of increased abundance; and * have comparatively small home ranges. We
draw on these criteria with reference to three potential candidate species for reintroduction
into Trang An (Fig 9, Table 2). The case for the first two candidates is made on the basis of
archaeological evidence; the third is based on the recent (1990s) presence here of the species in
question and is already the subject of a trial reintroduction since 2020.

The archaeological evidence stems from taxonomic identification of sub-fossil remains
from extant solitary deer whose contribution to ecological processes has been underestimated
[231, 258]. Both of the species in question are today considered to be internationally threat-
ened and subject to range contraction. The Critically Endangered large-antlered muntjac,
Muntiacus vuquangensis (syn. M. Gigas), is presently restricted to the Annamite (Truong Son)
Mountains of Lao PDR, Vietnam, and eastern Cambodia [259]. The home range of this spe-
cies, as with many other aspects of its behavioural ecology [259], is still poorly understood, but
if that of other muntjac species can be taken as indicative [260, 261], it may be ¢. 100 ha (1
km?). The status of the species shows continuing decline to the point where it is threatened
with extirpation due to large-scale illegal snaring [262, 263]. Thirty-eight M. vuquangensis
were relocated ahead of flooding for the Nam Theun 2 Hydroelectric Project in northern Laos
to habitat away from the site of the reservoir, though in the absence of post-release monitoring,
their current status is unclear [264] and likely declining [259]. M. vuquangensis is also listed
among 40 globally threatened species whose survival is likely to be assisted by upgrading of the
Dong Chau-Khe Nuoc Trong Watershed Protection Forest in Quang Binh province to ‘Nature
Reserve’ [265], but further targeted initiatives will be needed to ensure the continuation of the
species [266].

Only a small number of confirmed sub-fossil records of M. vuquangensis are documented,
all of them otherwise from China, indicating probable range contraction over time [267]. The
recovery of a mandible fragment identified to this species from excavations at Hang Boi, a cave
site in the central area of Trang An, and tightly dated to 11,400-11,100 cal. BP, supports that
contention [245]. Taken together with its early Holocene presence under comparable environ-
mental conditions to those of today; its primary consumer status and solitary behaviour; prob-
able small home range that could be accommodated within Trang An’s protected 6226 ha
property; and potential contribution to restoring degraded ecological services make the large-
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Table 2. Potential candidates for refaunation in the Trang An Landscape Complex World Heritage Site. References pertaining to the large-antlered muntjac (Muntia-
cus vuquangensis) are extrapolated from congeneric data but are as yet unconfirmed for this species.

Refaunation candidate Presence in

Trang An
Large-antlered muntjac Prehistoric’
(Muntiacus vuquangensis)
Water deer (Hydropotes | Prehistoric™*
inermis)
Delacour’s langur Historic®®
(Trachypithecus
delacouri)
Table No. | Reference Ref. No.
name
1 Stimpson [245]
etal. (2019)
2 Timmins [259]
etal. (2016)
3 Hoffman [279]
(1989)
4 Sridhara et al. | [280]
(2016)
5 McCullough [260]
et al. (2000)
6 Odden & [261]
Wegge (2007)
7 Steinmetz [258]
etal. (2010)
8 Thinley et al. [281]
(2017)
9 Brodie et al. [282]
(2009)

IUCN Red
List (global)

Critically
Endangered”

Vulnerable
(decreasing)
15

Critically
Endangered
23

Table No.
10
11
12
13
14
15
16
17

18

https://doi.org/10.1371/journal.pone.0280126.t002

Feeding strategy

Terrestrial
herbivore,
concentrate
selector
frugivorous(?)3’4

Terrestrial
herbivore,
concentrate
selector/
intermediate (forbs
& woody
plants)>1617

Petrous folivore:
young leaves 58%,
mature leaves 20%
(unripe fruit:
9-10%) of the
diet?>?*

Reference name
Chen et al. (2001)
Corlett (2007)

Ilyas & Khan
(2003)

Kumar et al. (2021)

Stimpson et al.
(2021)

Harris &
Duckworth (2015)

Kim et al. (2011)

Schilling &
Roessner (2017)

Kim & Lee (2011)

Home
range &
sociality

Unknown
¢. 100 ha>®
solitary

x 277 ha'®
solitary

20-50 ha*?
gregarious

Ref No.
[283]
[233]
[284]
[285]
[227]
[270]
[269]
[273]

[286]

Economic/
commercial impacts
(local)

Unknown

Potential forest edge
crop raiding;
population
growth>”®

Conflicting
preference with
humans for watered,
open forest habitat—
crop raiding;
population
growth!7120

Population growth
(long term)-e.g.,
quadrupled in 18yrs,
Van Long Nature
Reserve™

Table No.
19
20
21
22
23
24
25

26

Ecological services/
benefits

Unknown

Potential dispersal agent
of fruit-producing
plants; seed predation;
diverse range of plants in
diet4,97l3

Evidence emerging seed
dispersal, (forbs
notably), germination
rate of dispersed seeds
may decrease with gut
passage (Korean
data)®?!

Unconfirmed seed
predation; probable
impact on plant growth/
productivity (nutrient
cycling), ecotourism?>>*®

Reference name

Lee & Lee (2020)
Chen et al. (2016)
Lee etal. (2021)
Nadler (2015)
Workman (2010)
Workman & Schmitt
(2012)

Nguyen et al. (2019)

Berzaghi et al. (2018)

Failure risk

Snaring, habitat
disturbance and loss,
trade; poor

managementz’13

Hunting, snaring,
habitat loss, trade;
poor management'”

Hunting, habitat
loss, trade; poor
management®>>*

Ref No.
[239]
[268]
[287)
[288]
[289]
[290]
[291]

[204]

antlered muntjac an engaging possibility for reintroduction. Against this, stakeholders must
consider the limited available knowledge about its behavioural ecology and challenges of
acquiring suitable stock. However, if these constraints can be addressed, trial reintroduction

into Trang An as a discrete initiative or as part of a network of small ‘recovery zones’ in a simi-

lar vein to those that have been shown to enhance population growth for its congener the red

muntjac Muntiacus muntjac [258] could be explored under strict conditions.

The extant native range of the second archaeologically identified species, the water deer,
Hydropotes inermis, is now restricted to enclaves in the eastern sub-coastal areas of the Yangtze
Basin, the Zhoushan Archipelago and, somewhat more abundantly in the Korean peninsula
[268, 269]. The creation of new protected areas is a recommended conservation action for H.
inermis [270], building on the well-established programme in China [268, 271, 272]. Fossil and
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sub-fossil evidence that can be attributed confidently to H. inermis is exceedingly rare [273].
This makes the recovery of remains from at least two individuals at the Thung Binh 1 archaeo-
logical site in Trang An a significant discovery that confirms the presence of this species in
Vietnam 16,000-13,000 cal. BP [227]. Given that any discussion to reintroduce the water deer
into Vietnam would not at this point rest on grounds of restoration to a historic or Holocene
range, and since limited attention has been paid to the species’ potential role in ecosystem ser-
vices [239], thorough assessment of its suitability would be essential before reversable trials
[274] could be considered.

With regard to both deer species, although palaeoenvironmental evidence affirms habitat
continuity within the Trang An massif, establishing archaeologically whether or not either
continued to be present beyond the Mid-Holocene high stand should be a necessary priority
for future research. Equally, in line with developing standards in rewilding, establishing a com-
prehensive restorative programme for Trang An and similar locations will require an adaptive,
regularly updatable management scheme that incorporates close monitoring of ecological con-
ditions against reference data [275-277], and that takes pro-active measures to integrate local
communities into the initiative [278]. Ensuring this and wider buy-in from corporate and pol-
icymaking stakeholders is heavily dependent on the opening of dialogue between parties with
ordinarily separate agendas by establishing common goals and language [251]. In the final sec-
tion of this paper, we trace stakeholder relationships that are under-writing the trial reintro-
duction into Trang An of the IUCN Ceritically Endangered Delacour’s langur, Trachypithecus
delacouri.

Knowledge exchange: Trial reintroduction of Delacour’s langur

The relationship between palaeo-research and its strategic utilisation emerged, in the context
of Trang An, through the practical demands of a World Heritage nomination. Over a period
of two years (2012-14) this provided the stimulus for close collaboration between multiple
independent stakeholders working at widely differing scales and in diverse knowledge
domains. The dialogue and integration established during the nomination process has been
preserved in the period since, for example in the formulation of management strategies and
State of Conservation reports to (and monitoring by) the World Heritage Centre, and provid-
ing an additional steer to report requirements at local and national levels. Commitment from
property management, provincial and national authorities, and corporate stakeholders to con-
tinue supporting scientific investigation has meant that channels of communication have
remained highly active since the property’s 2014 inscription. This is exemplified through the
Delacour’s langur reintroduction programme [292, 293] (Fig 10).

The potential to reintroduce the Delacour’s langur into Trang An was identified in 2015
[287], and again in 2017, under Vietnam’s Prime Minister of Government Decision No: 628/
QD-TTg [294]. When groundwork for trial reintroduction began in 2018, it drew together sev-
eral separate research endeavours and professional fields. These included, ) a pre-existing arc
of research work on this endemic Vietnamese species by the Endangered Primate Research
Center and Cuc Phuong National Park; ? the opportune position of the SUNDASIA Project to
promote high-level dialogue, field expertise, and immediate access to funds for training and
outreach; * willing managerial investment in administrative and legislative support through
the Ninh Binh Department of Tourism and the Xuan Truong Construction Enterprise; and
critically, ¥ the support and involvement of local communities. The procedural form that the
trial has taken followed the ecotourism and local community-vested model that has proven so
effective at building population numbers of this species in the nearby Van Long Nature
Reserve [291, 295].
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Fig 10. Monitoring visit to the Delacour’s langur trial reintroduction site on Ngoc Island, Trang An (2022). The release cage was used for initial
climatization purposes and continues to serve as contact location between the free-ranging primates and monitoring staff (Photo: Ryan Rabett).

https://doi.org/10.1371/journal.pone.0280126.9010

Recent genomic and ecological niche modelling analysis of the Frangoisi Group of langurs,
which includes T. delacouri, raises the possibility that the restricted distribution seen in surviv-
ing species of limestone langur to pockets of karst terrain may not, as previously postulated
[289], be a consequence of historical human pressure but rather part of an ecological speciali-
sation to this habitat [296, 297]. Thus, the Trang An initiative marks a small triumph for the
immediate survival of this species within its historic and potentially indigenous range; one
reinforced by recent (Oct. 2021 & Sept. 2022) births of the first infants to the reintroduced
troop. It expands opportunities to better understand the contribution of this species to karst
forest ecosystem services [298]—particularly in a setting subject to sea-level change; and
advances a positive relationship between biodiversity and tourism through a rewilding lens
[253]. For the property, as a World Heritage Site, it also signals an evolution of management
capacity, paving the way for creation of a formal conservation and adaptation strategy that will
contribute to Government policy objectives, such as the Vietnam National Biodiversity Strat-
egy to 2020 Vision to 2030, and international programmes, such as the Post-2020 Global
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Biodiversity Framework and UN Decade on Ecosystem Restoration. The Trang An experience
illustrates a simple fact: that the drive towards conserving global natural and cultural heritage,
and the rehabilitation of environments in response to the current Climate and Biodiversity cri-
ses provides precisely the kind of forum where stakeholders from traditionally separate fields
can find commonality of purpose and mutual benefit alongside collective responsibility.

Discussion

Steffen et al. [64] make the case for active planetary stewardship to mitigate climate change.
They propose that humanity be recast as an integral and integrating component of an adaptive
Earth system rather than an external force driving change. The present generation of IAMs
(such as DIVA), have enhanced our capacity to simulate real-world complexity, but have
tended to retain a focus on least-cost conditions and aggregate global or regional scales. More
empirical data is needed urgently to ground truth such predictions. This is recognised as an
essential next step in the development of adaptive options that adequately account for local cir-
cumstances and variables [299, 300], the systemic impact of tipping-points [61, 63], and time-
dependant changes to ecological services [211, 213]. Palaeoecological and archaeological rec-
ords are uniquely placed to help meet that need.

In the context of this paper, we recognise that there continues to be significant challenges to
reconstructing past coastal change within active deltaic systems. Available datasets tend to be
few in number, creating low spatial and temporal resolution for assessing complex processes.
While the RRD is comparatively well-represented, with >20 sedimentary cores, most radio-
metrically dated [141], compared to, for example, c. 36 cores from the larger Mekong Delta
[301], shifting distributary channels, differential influence from wave, tide, and fluvial pro-
cesses, subsidence and uplift, long-shore current, and sea level fluctuations, and human activity
affect morphological development [108, 302]. Limited standardisation between source data-
including differing coordinate systems, project objectives, available measuring precision, and
even agreement on what should constitute a representative coastline (e.g., between mean high-
water [MHW], mean sea level [MSL] and mean low-water level [MLW])-also continue to pro-
blematise reconstruction [106, 303, 304].

These constraints inevitably place confidence limits on palaeo-coastline models [83]; how-
ever, it does not negate their relevance. Evidence of deep time change in deltaic environments
can provide valuable reference conditions against which inundation risk can be measured
[70], including ecosystem time-lag and other coping and response mechanisms that play out
over timescales that may otherwise be overlooked by predictive models built exclusively on
Late Holocene evidence [69, 71, 72]. For a location like Trang An, which is predicted to
become coastal by 2150 under all of the emission scenarios presented here, evidence that the
massif was isolated during the Mid-Holocene transgression bears directly on long-term risk
management planning; the opening of new research avenues in heritage conservation; and on
the raising of visitor, community, and administrative awareness. All of which are reflected in
the property’s palaeo-data informed World Heritage Management Plan for the period 2021-
2025 (Vision to 2045).

The potential re-establishment of mangroves and the restoration of the Trang An’s verte-
brate community provide further specific local-scale examples of how reference to the past can
aid efforts to mitigate climate change impacts and foster economic growth through ecotourism
and conservation-focused habitat management. Such initiatives align with Criterion 4 (eco-
nomic viability) of the Global Standard for Nature-based Solutions [208] and are in close
accordance with advocation for ‘Ecosystem-based Adaptation’ (EbA) [305-307]. Impediments
to widespread adoption of EbAs have included concern among policymakers about the delay
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between investment and returns (e.g., growth period for mangrove restoration); response effi-
cacy-as severe climate events might overwhelm natural solutions; and a lack of consensus over
how to measure effectiveness and standardise monitoring. While these issues are still to be
addressed comprehensively, the benefits are now widely seen to outweigh the costs [200, 208,
306, 308].

Uncertainty exists about how defaunate or ‘empty’ forests in the tropics, now rapidly
increasing in number [262, 309-311], will cope with this century’s climate upheavals [312].
The reintroduction of locally extinct species to restore ecological processes by rewinding back
to a ‘baseline’ of forest stability has attracted considerable attention [211, 250]. Such baselines
usually refer to an historical period when the environmental effects of modern encroachment
are considered to have been minimal [250, 313]. The scale of historically recent impacts to
Southeast Asian biodiversity has been undoubtedly grave [314]; however, with few exceptions,
studies are restricted to a time-depth that is rarely deeper the 19" Century. Sophisticated eco-
logical models are now able to help identify deep-time refugia, extending back thousands of
years, providing supportive evidence for future conservation priorities [315]; however, neither
line of research gives consideration to the presence or consequence of early human activity,
which lies at the root of any recasting of our role within an integrated Earth system.

Opver the last two decades, archaeological and palacoecological research in South and South-
east Asia has demonstrated that tropical forests were not in a ‘pristine’ state prior to historical
incursions [14, 23, 24, 26, 274, 316-318]. A detailed picture of the scale and nature of impacts
due to low-level cumulative human activity over tens of thousands of years is only now starting
to be documented [109, 227, 245, 309, 319-321]. However, the body of evidence that early
humans were active agents in these environments is now such that the suitability-and by
extension, presumed greater sustainability—of baselines drawn immediately prior to colonial
periods is open to question. To be clear, human impact on tropical and other environments
during prehistory was at a very low level compared to the far-reaching effects of global indus-
trialisation over the last two hundred years [322], but it continued over much larger timescales.
As such, to discount the presence and influence of prehistoric humanity is to introduce an
unquantified bias into our picture of how modern environments have developed [16]. Archae-
ology and palacoecology are key to addressing this imbalance by contributing site-based (i.e.,
local) data that enhance our understanding of extinct ecological networks and restorative mea-
sures. In this, the work in Trang An is illustrative.

A significant challenge to opening pathways from the past to help address issues of the pres-
ent day, remains the effectiveness of knowledge transfer. The importance of drawing together
scientific results from across disciplines to inform and regulate international policy is widely
recognised [323, 324]. When this process has been closely assessed though, such as through the
RIU (Research, Integration, Utilisation) model [28, 29], the effectiveness of that transferability
is constrained by independent agendas and motivations [325, 326]. Establishing a common
conceptual framework is likely to be essential for an integrated response to the kinds of global
issues now faced and the local specifics of how to manage them. While the approach described
in this paper is context-specific to primarily Vietnamese, UK, and EU stakeholders, it serves as
proof that partners with differing agendas, power, specialism and even language can align suf-
ficiently to achieve this goal.

Conclusion

In this paper we have provided empirically based examples of the contributions that palaeo-
data can make to next generation IAM:s that require enhanced provision for local and pro-
active adaptations [300]. The detailed Digital Elevation Model (DEM) (see Methods 1) and sea
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level history [100] that now exist for the Trang An World Heritage Site contribute to the grow-
ing body of past sea level data now available for the RRD and regionally, and locally specific
insights into the effects of predicted inundation. We underscored the relevance to future
coastal change scenarios through comparison to past coastal configurations and through iden-
tification of eight modern foci (coastal change analysis, hydrometeorological risk, economic
adaptation, ocean-climate systems and feedback, coastal stabilisation, ecosystem restoration,
sediment transport and salinity intrusion) that can draw directly from the Holocene evolution
of the RRD. In this respect, the Trang An World Heritage Site provides an excellent ‘anchor-
point’ [100] of the sort that will need to be incorporated into new coastal vulnerability models
to enhance their spatial-temporal resolution.

We have demonstrated how the persistence of back mangrove elements in the property’s
interior until 300 years ago offers proof of habitat continuity and thus investment value to its
restoration. Arguably, the re-establishment of mangroves in this and similar locations has the
potential to provide a pre-emptive aid to mitigating sea level rise and to future-proof economic
growth profiles. We further show through palacoenvironmental evidence that the limestone
forest vegetation prevalent in Trang An during the Late Pleistocene compares closely to that
seen on the massif today [109, 243]. This suggests that the property’s complex topography has
long-provided climate-buffering characteristics, including during the Holocene inundation of
the RRD. This fact signals its potential to do so again under projected climate change. Temper-
ing this, however, our zooarchaeological findings have revealed the extent of the habitat’s
defaunate state, and the importance of efforts to strengthen essential ecosystem services that
will help ensure future habitat resilience. The rate of ecological service recovery required to
avert triggering critical thresholds along the current trajectory of anthropogenic climate
change will, however, require further research.

Finally, we have sought to demonstrate how simulation scenarios that do not consider the
perspective afforded by archaeological and palacoecological research risk missing the impacts
of long-term feedback mechanisms and of creating misaligned or even maladaptive responses
to climate change. The challenge facing archaeologists and palaeoecologists is to achieve
greater integration and knowledge transfer of their research into policy-driving models. This
will require flexibility in viewpoint on their part, and the identification of research pathways
that are sensitive to and can dovetail with mainstream debates (without being run by them) on
the convergence of climate and economics, and the IAM-based simulations that remain central
to predicting their near-term course. Such actions will only be successful though if other stake-
holders, including other scientific disciplines, and local partners are receptive to the contribu-
tion that prehistoric science can make. The Trang An collaborative model provides one
example of how these objectives can be realised.

Methods

1. Comparison between RRD time-series and Climate Central coastline
models

The Trang An DEM was generated from three sources: existing digital elevation data supplied
by the Vietnam Institute of Geosciences and Mineral Resources obtained during the property’s
World Heritage nomination; available LIiDAR data (0.5 m/pix) covered 29.19% of southern
and eastern portions of the core zone (1797/6156 ha); and an unmanned aerial vehicle (UAV)
survey programme, covering a further 24.5% of the core zone, giving a total coverage of 3315/
6156 ha (53.75%). The UAV survey took place over the course of four field seasons using a
small DJI MAVIC Pro and the Structure from Motion software. A total of 73 flights (excluding
repeats) were flown at altitudes ranging 160-300 m. From this was produced 39 overlapping
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sectors, each 35 ha. Local Real-Time Kinematic (RTK) network access, retrieved using a Leica
GS15 GNSS (Global Navigation Satellite System) nRTK (network Real Time Kinematic) unit,
established x,y,z coordinates of each geographic position in real time to centimetre precision.
The DroneDeploy app for iOS and its web equivalent were used to plan and conduct each sur-
vey sector as an autonomous flight. Collectively, these data provided a high resolution (0.14 m)
digital surface model of a central corridor (2 x 7 km) across the Trang An massif, covering an
area that contained focal points of research (e.g., excavations, sampling and core collection
sites) during the SUNDASIA Project. Onto this DEM we mapped the location and elevation of
27 corrosion notches using the Leica GS15 nRTK receiver and a Leica TS06 total station-see
Kahlert et al. [100]-and later, a Leica BLK360 imaging laser.

Future coastline models were calculated from Climate Central’s re-worked Shuttle Radar
Topography Mapping Digital Surface Model (SRTM DSM) [101, 102] using projected sea lev-
els available through the NASA IPCC ARG Sea Level Projection Tool (SLPT) [103-105] that
are localised to Hon Dau (https://sealevel.nasa.gov/data_tools/17). Three temporal horizons
(2050, 2100 & 2150) were considered in reference to the SLPT under three principal models,
providing a less likely but more extreme scenario with medium and low confidence (SSP5-
8.5), and a more likely scenario (SSP2-4.5 medium confidence). The medium confidence sce-
narios exclude processes (such as ice sheet development) that are not well understood. Using a
raster calculator, values below the cut off point for each scenario were selected and converted
into vector layers. Areas that were not connected to open water were eliminated from the
coastline models, leaving only areas inundated that are directly connected to the sea or indi-
rectly connected to it via a river. The IPCC predictions were overlain with palaeo-coastline
reconstructions from the Trang An project data [100] and available literature [96, 108, 141-
145, 327]. Overlaying of available palaeo-coastlines and SLPT data layers was guided by match-
ing modelled future submerged land (https://www.climatecentral.org/) and past sea levels rela-
tive to land elevation changes analogous to the IPCC ARG6 predictions.

2. Palaeoenvironmental reconstruction

Comparative data on the modern floristic structure, composition and taphonomic pathways
was obtained through the setting of 24 pollen traps in late 2017. These were positioned at open-
air and cave settings to catch the pollen rain from vegetation in the vicinity of sites from where
sub-fossil pollen assemblages were extracted to aid identification and help clarify and quantify
taphonomic relationships between the outflow of pollen rain and levels of incorporation into
sedimentary deposits. Surviving traps (n = 13) were collected for analysis in late 2018. Addition-
ally, and dictated by terrain accessibility, an herbarium of fertile plants (n = 76 genera) was col-
lected from primarily valley bottom habitats, many of which are currently characterised by
disturbed, edge-adapted and re-growth communities. Duplicate collections were lodged with
the Academy of Science and Technology, Hanoi; Forest Inventory & Planning Institute, Hanoi;
Hanoi College of Pharmacy, and the Herbarium at the Royal Botanic Gardens, Kew.

These data informed a palacoenvironmental assessment of vegetation conditions in Trang
An [195]. Sediments were analysed from two archaeological cave sites of differing elevation
and aspect in order to assess any divergence in the accumulation of palaeo-vegetation proxies
and to improve the assessment of preservation and inter-site comparison. Five cubic centi-
metres of sediment were volumetrically sub-sampled from 16 samples. Pollen extraction fol-
lowed [328], excluding acetolysis as marginal preservation was anticipated. In the landscape,
following exploratory augering at five promising sites, one manual sediment core (3.82 m),
using a modified Livingston corer (Vung Tham) and two mechanised cores (from the dolines
of Thung Ui, 13 m and Vung Chay, 9.91 m) were extracted with the assistance of the Trang An
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Management Board and the Xuan Truong Construction Enterprise. Preliminary physical
description of all cores was carried out in the field at the point of extraction. Core sections
were kept in cold storage ahead of shipment under formal agreement and license to Queen’s
University Belfast. Analytical measures applied in the laboratory analysis of the Vung Tham
core, discussed in this paper, included magnetic susceptibility (measured at 2 cm increments),
and 38 paired sub-samples taken at 10 cm intervals for loss-on-ignition and parallel pollen
analysis. The Vung Tham stratigraphic sequence is anchored against six AMS radiocarbon
dates spanning the period 8177-8026 cal. BP to 189-142 cal. BP (at 2 sigma). Full details of
field and laboratory procedures relating to recovery of the Vung Tham core are presented in
O’Donnell et al. [109].

3. Sub-fossil vertebrate fauna analysis

Faunal remains were principally recovered at the point of excavation or during trench-side
sieving (2 mm gauge dry sieve) or during the processing of bulk sediment samples subse-
quently. All material was catalogued to stratigraphic context and inventoried in the field before
being shipped back to the UK under formal authorization and quarantined before study. Iden-
tification to element and taxon was carried out through comparative analysis to the extensive
skeletonised collections at the Oxford University Museum of Natural History, supplemented
by reference to materials held at the University of Cambridge Museum of Zoology, Natural
History Museum, London, and American Museum of Natural History, New York. In addition
to morphological comparison, statistical assessment of dental metrics was carried out on sam-
ples of a range of cervid species to test for difference from normative values for each candidate
taxon. Full analytical details relating to Muntiacus vuquangensis (syn. M. Gigas) and Hydro-
potes inermis are presented in Stimpson et al. [227, 245].

4. Trail camera survey

A pilot study of extant medium-large fauna in the core zone of Trang An was undertaken
using motion-activated, static 24MP trail cameras with infrared flash (Bushnell Trophy Cam
Aggressor HD No Glow 24MP Camo). Seven units were deployed in accordance with proto-
cols for the passive monitoring of mammals in the forested tropics [329]. The survey window
was from September 2017 to April 2018, producing 1013 camera-trapping days (days x nos.
camera units deployed) of footage from an area of 3 km?. Triggers recording wild animal activ-
ity were rare (n = 7/114, 6.1% events—where an ‘event’ represents a series of images pertaining
to the same trigger). The remaining 107 events were triggered by the passage of people, domes-
tic animals, or foliage movement [120, 195].

5. Ethics statement

The field research leading to the results discussed in this paper was undertaken at the written
invitation of the Ninh Binh Provincial People’s Committee (Mr Téng Quang Thn, Chairman),
18 Nov. 2016 (document no. 253/UBND-VP9) and in accordance with subsequent provincial
documents.: 31/UBND-VP9, 37/UBND-VP9, 174/UBND-VP9, and 206/UBND-VP9. The
project was approved by the Ministry of Culture, Sports & Tourism document no. 2948/QI-
)-BVHTTDL, signed by Dang Thi Bich Lién—Deputy Minister, on 31 Aug. 2016.
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