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A P P L I E D  E C O L O G Y

Climate change threatens New Guinea’s 
biocultural heritage
R. Cámara-Leret1,2*, N. Raes3,4, P. Roehrdanz2,5, Y. De Fretes6, C. D. Heatubun7,8,9, L. Roeble7, 
A. Schuiteman7, P. C. van Welzen3,10, L. Hannah2,5

New Guinea is the most biologically and linguistically diverse tropical island on Earth, yet the potential impacts of 
climate change on its biocultural heritage remain unknown. Analyzing 2353 endemic plant species distributions, 
we find that 63% of species are expected to have smaller geographic ranges by 2070. As a result, ecoregions may 
have an average of −70 ± 40 fewer species by 2070. Species with future geographic range contractions include 
720 endemic plant species that are used by indigenous people, and we find that these will decrease in 80% of New 
Guinea’s 1030 language areas, with losses of up to 94 species per language area. To mitigate the threats of climate 
change on the flora, we identify priority sites for protected area expansion that can jointly maximize biodiversity 
and useful plant conservation.

INTRODUCTION
New Guinea is the largest and most bioculturally diverse island on 
Earth (1). Biologically, it harbors c. 14,000 native plant species and 
9000 endemic species, making it the only island group in Malesia 
with more endemic than non-endemic plant species (2). Culturally, 
it is the most linguistically diverse place on Earth with more than 
1300 languages (15% of all living languages) in under 1% of the terres-
trial land surface (3). Biocultural diversity is a dynamic, place-based 
aspect of nature arising from links and feedbacks between human 
cultural diversity and biological diversity (4). Human-driven climate 
change, however, is expected to become a threat to New Guinea’s 
biocultural diversity: changes in climate are already affecting species’ 
distribution patterns elsewhere (5) with negative consequences on 
ecosystems functioning and human well-being (6). Because most 
New Guinea cultures are supported by low-income populations 
that rely on their surrounding natural resources, climate-induced 
local extinction of wild food, medicine, and ritual plants is likely to 
diminish indigenous well-being and cultural integrity. Accordingly, 
understanding the potential impacts of climate change on New 
Guinea’s biocultural diversity is essential for a strategic expansion 
of protected area networks and conservation lands in ways that 
protect and reinforce biocultural traditions and the rights of indig-
enous peoples (7).

The current protected area system in Indonesian New Guinea is 
far larger than that of Papua New Guinea, with 20% versus 4% of 
terrestrial land protected, respectively (8). Protected areas in Indonesian 
New Guinea were designated between 1975 and 1989 to account for 

the entire altitudinal spectrum of the region, major centers of endemism, 
representative cross sections of habitats within each ecoregion, and 
substantial tracts of lowland rainforests and to protect species with 
large areas by linking large reserves as far as possible (9). In Papua 
New Guinea, almost all land and natural resources are under the 
customary control of communities and landowners (8), but similar 
large-scale conservation prioritization efforts are missing. In 1997, 
the Irian Jaya Biodiversity Conservation Priority-Setting Workshop 
sought to identify priority areas for conservation in Indonesian 
New Guinea following four criteria: biological importance, human 
pressures and threats, priority for conservation action, and priority 
for research (10). Unfortunately, the indicators of biological impor-
tance largely ignored two important data sources: herbarium collec-
tions and unpublished field data. Moreover, given the paucity of 
readily available data for plants at the time, two subcriteria were 
used to identify priority conservation sites: ecological diversity 
and vegetation types. Since then, no island-wide and data-driven 
macroecological analysis has addressed protected area selection in 
the face of climate change or the need to conserve New Guinea’s 
cultural heritage.

Here, we quantify the potential impacts of climate change on 
New Guinea’s biodiversity and cultural heritage. Concerning 
impacts on biodiversity, we first built species distribution models 
(SDMs) for 2353 endemic species and then assessed how species 
richness and geographical range size will change between 2000 
and 2070 under two climate change scenarios (see Materials and 
Methods). The first scenario forecasts an increase in tempera-
ture of 1.0°C by 2070 on the assumption that CO2 emissions will 
be based on improved governance (hereafter “RCP 2.6”). A second 
scenario that lacks climate change mitigation policies (“RCP 8.5”) 
forecasts a global warming increase of 2.0°C by 2070. Regarding 
impacts on cultural heritage, we first assessed how species rich-
ness and geographical range size will change for 720 endemic 
plant species that indigenous societies use for food, medicine, 
construction, and cultural purposes (11, 12). By considering use-
ful plants, we introduce a key element for indigenous livelihoods 
that had been missing in conservation planning in New Guinea 
and that relates to indigenous knowledge, practices, and beliefs. 
Next, we quantified changes in future useful plant richness 
across 1030 of New Guinea’s indigenous language areas (see 
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Materials and Methods). Last, to inform policy, we identified prior-
ity areas for maximizing biocultural conservation gains in the face 
of climate change.

RESULTS AND DISCUSSION
To determine how climate change will affect New Guinea’s biodiversity, 
we first quantified current species richness using 2353 New Guinea 
endemic species with presences in ≥5 grid cells and whose modeled 
current ranges are significantly different from a bias-corrected null 
model (see Materials and Methods). We find that mean species 
richness (at 5–arc min spatial resolution) is 711, with the highest 
values occurring in the northern half of New Guinea (Fig. 1A). The 
higher biodiversity of northern New Guinea (including the central 
mountain range) in comparison with the southern half of the island can 
partly be explained by undercollecting, especially in the Indonesian 
part of the craton area (13, 14). However, these results also support 
previous findings of a significant correlation between numbers of 
species and plate tectonic activity with its resulting orogenesis (15), 

as the northern half of New Guinea is the result of an accretion of 
many microplates (16).

Projecting SDMs to two future climate change scenarios (Fig. 2 B 
and C), we find that mean species richness is expected to decrease to 
691 under 2070 RCP 8.5 (with similar results of 688 under RCP 2.6). 
About 63% of species will have smaller geographic ranges, and 37% will 
have larger ranges under 2070 RCP 8.5. On average, range reduc-
tions will be of −19 ± 15 cells per species (range, −1 to −106), and 
expansions will be of 19 ± 24 cells (range, 1 to 246). Upscaling to the 
level of ecoregions (17), we find that climate change will result in 
less diverse ecoregions with an average of −70 ± 40 fewer species per 
ecoregion (range, −246 to 107 species) under 2070 RCP 8.5 (Fig. 2). 
Ecoregions with more pronounced reductions in species richness 
include the Admiralty Islands lowland rain forests, Southern New 
Guinea lowland rain forests, New Britain–New Ireland montane 
rain forests, and the Northern New Guinea montane rain forests 
(table S1). A high reduction in species richness in the lowlands is of 
special conservation concern because lowland ecoregions are among 
the least protected and at the same time the most threatened in 
New Guinea and will require the largest protected area sizes to keep 
pace with climate change (18).

Regarding New Guinea’s cultural heritage, we quantified how 
climate change will affect useful plant species richness across 
1030 language areas. To do so, we considered a subset of 720 endemic 
useful species that indigenous people use for construction, cultural 
ceremonies, food, and medicine (see Materials and Methods). 
Overall, we find that 80 to 83% of language areas will experience 
reductions in useful plant species richness under 2070 RCP 8.5, 
with similar patterns across all use categories (Fig. 3 and table S2). 
On average, 16 to 25 useful species will be lost per language area 
under 2070 RCP 2.6 and RCP 8.5 scenarios, respectively. Climate 
change by 2070 RCP 8.5 is expected to reduce useful plant species 
richness in 826 language areas—with maximal losses of 94 species—
and to increase richness in 194 language areas—with maximum 
gains of 79 species (table S3 and fig. S1). These changes in use-
ful species richness will be similar among endangered and non
endangered languages (fig. S2). Last, while there was a net gain in 
species richness in the southern lowlands and a net loss in the 
central mountain range in the pixel-level analysis (Fig. 1), the pat-
tern was slightly opposite in the language-level analysis (Fig. 3). 
This is partly because the pixel-level analyses consider more species 
(2353 species versus 720 useful species in the language-level 
analysis) and because the language-level analyses are averaged 
across larger areas.

Given differences across ecoregions and language areas in fu-
ture potential reductions in species richness, where should decision-
makers focus to maximize conservation gains? An answer to this 
question depends on which features are selected. This selection, in 
turn, is subjective and will vary across stakeholders. Accordingly, 
we considered two viewpoints that span a continuum from biologi-
cally driven to locally involved conservation planning. The first 
view places equal value on all biodiversity features and can be con-
sidered typical among conservation planners who value species 
richness, irrespective of species’ utility. For this view, we modeled 
conservation priorities for all 2353 endemic species (see Materials 
and Methods; Fig. 4A). The second view focuses on species that are 
important for indigenous livelihoods and approximates a socially 
driven viewpoint in which conservation focuses on livelihoods or 
on species that provide construction, culture, food, and medicinal 

Fig. 1. Endemic plant species richness (number of species per grid cell) in the 
face of climate change. Species richness under current climate (A) and differ-
ence in species richness between current climate and 2070 RCP 2.6 (B) and 
2070 RCP 8.5 (C).
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Fig. 2. Change in species richness across New Guinea’s ecoregions under future climate (2070 RCP 2.6 and RCP 8.5). Change in species richness per ecoregion was 
calculated using stacked SDMs of 2353 endemic species.

Fig. 3. Change in endemic useful plant richness across New Guinea’s language areas by 2070 RCP 8.5. Change in species richness per language area over time was 
calculated using stacked SDMs of 720 endemic useful species.
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services (Fig. 4, B to F). We find that the central mountain range 
emerges among the top 10% priorities under climate change for all 
endemic plant species as well as for each use category (red in Fig 4), 
despite a projected loss of species richness (Fig. 1, B and C). That 
the central range is identified as a priority while also projected to 
become unsuitable for a large number of currently extant species is 
explained by the (i) smaller average range size of species currently 
present and projected to persist in high elevations, (ii) reductions 
in range size (and thus an increase in importance) as species shift 
upslope, and (iii) highlands serving as a “sink” for surrounding low- 
and mid-elevation species. When comparing both views, we found 
strong spatial congruence in their top 10% solutions (Fig. 5A). 
These highly congruent top priority conservation areas occur in 28 
administrative units, and some transcend single-administrative, 
cultural (Fig. 5B), or country boundaries, underscoring the strong 
need for interadministrative, intercultural, and international trans-
boundary planning.

Despite high levels of species richness and endemism, New Guinea 
remains one of the most botanically undercollected regions in 
the Asia-Pacific (13, 14). Our study is therefore constrained by 
low collection densities of generally <25 collections per 100 km2—
well under the benchmark minimum of 50 to 100 collections per 
100 km2 for adequate floristic inventories (13). In addition, specimen 
collections are spatially biased in several notable ways: Collection 
density is lower in western and southwestern New Guinea, is highest 
in montane ecosystems, and tends to be concentrated around roads, 
waterways, and major communities. Another limitation of our 
study is that our SDMs assume that species niches are at equilib-
rium with their current climate envelope and stable across time. 
Our modeling approach also does not integrate biotic interactions 
(19), species-level dispersal information (20), or potential adapta-
tion and evolution (21), which are known to influence species re-
sponses to climate change but for which data are lacking for most 
taxa. Documentation of New Guinea’s useful species is still incip-
ient: Only 19% of the region’s indigenous groups appear in the eth-
nobotanical literature, and most studies have been fragmentary 
(11, 12). This translates in that 60% of the 720 modeled endemic 
useful species were reported in the literature by a single indigenous 
group and 40% were reported by at least two groups. Thus, our 
analyses within language areas explore all potentially available en-
demic useful species, although these may not yet be known locally. 
Last, we did not include land cost in our analyses, as land use in 
New Guinea is controlled by a complex mixture of traditional tenure 
and government land use planning, which varies between countries. 
Formal acquisition cost is seldom an issue in either setting, but 
opportunity costs may be substantial.

Here, we have shown that climate change will affect both the 
biological and cultural heritage of New Guinea. Both the Indonesian 
and Papua New Guinea governments have made strides toward 
establishing protected area systems as signatories to the Convention 
on Biological Diversity (22, 23). In 2018, the governors of Indonesia’s 
two New Guinea Provinces signed the Manokwari Declaration 
committing to the conservation of 70% of the forest cover for the 
western half of New Guinea (7). In addition, international initiatives 
such as the Key Biodiversity Areas (24) and Tropical Important 
Plant Areas (25) are underway to identify priority sites on the basis 
of plant species richness, threatened habitats, and socioeconomically 
important plants. These initiatives, however, emphasize conserva-
tion of biodiversity alone, whereas biocultural conservation calls for 
preserving both habitats and habits (26). The identified network of 
centers of plant endemism and useful plant diversity represents a 
first step toward the conservation of New Guinea’s unique biological 
diversity in the face of climate change, while conserving cultural 
diversity under climate change rests on understanding and promot-
ing indigenous knowledge systems in relation to their territories. 
Since transmission of indigenous knowledge is linked to language 
proficiency, schooling in indigenous languages and culturally relevant 
school curricula could be a positive policy step towards maintaining 
cultural diversity (26). Last, conservation programs and the expansion 
of protected areas have the potential to support local communities 
by preventing large-scale conversion of lands to industrial logging 
or plantations or to negatively affect them by reducing access to 
resources or economic opportunities (27). Thus, conservation actions 
should strive to work with indigenous communities from the onset 
to ensure positive impacts (28) and the promotion of indigenous 
people’s rights.

Fig. 4. Spatial conservation priorities for endemic plants in the face of 
climate change. Priority rank map for all endemic plants (n = 2353 species) (A), all 
endemic useful plants (n = 720 species) (B), useful plants for construction (n = 374) 
(C), culture (n = 271) (D), food (n = 162) (E), and medicine (n = 187) (F). In each map, 
each grid cell has a value between 0 and 100: Low values close to 0% were 
removed first (low conservation value and priority), while high values close to 
100% were retained until the end (high priority).
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MATERIALS AND METHODS
Study area
Our study area of “New Guinea” spans a latitudinal range of −0.08° 
to −10.66°S and a longitudinal range of 129.42° to 150.21°E. It 
includes the main island of New Guinea and the smaller islands that 
were connected to mainland New Guinea during the last glacial 

maximum. We delimited it by selecting areas with a depth of ≥−120 m 
from the General Bathymetric Chart of the Oceans (www.gebco.net).

Species distributions
Herbarium specimen records were downloaded from the online 
databases Global Biodiversity Information Facility (www.gbif.org) 

Fig. 5. Congruence in top 10% conservation priorities for 2070 for endemic and useful plants. Map of administrative units (A) where numbers indicate administra-
tive units of Indonesian New Guinea and Papua New Guinea containing the top 10% solutions: 1, Sorong; 2, Manokwari; 3, Biak Numfor; 4, Nabire; 5, Mimika; 6, Paniai; 7, 
Puncak Jaya; 8, Waropen; 9, Sarmi; 10, Jayawijaya; 11, Jayapura; 12, Yahukimo; 13, Pegunungan Bintang; 14, Boven Digoel; 15, Sandaun; 16, Western; 17, Hela; 18, East 
Sepik; 19, Enga; 20, Southern Highlands; 21, Western Highlands; 22, Jiwaka; 23, Chimbu; 24, Madang; 25, Eastern Highlands; 26, Morobe; 27, Central; 28, Milne Bay. Map of 
languages (B) that intersect with the top 10% solutions; dot color indicates language endangerment class.
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and Consortium of Pacific Herbaria (https://www.re3data.org/
repository/r3d100012011) and supplemented with records from in-
stitutional databases of Naturalis Biodiversity Center and Royal Botanic 
Gardens, Kew. We manually unified headers and standardized entries 
for the fields “family,” “genus,” “species,” “collector name,” “collector 
number,” and “date.” All records from outside the study area were 
removed, and endemic species were identified following Flora 
Malesiana accounts (www.floramalesiana.org) and taxonomic 
literature. Collectors’ names were verified using the Cyclopaedia of 
Malesian collectors (www.nationaalherbarium.nl/FMCollectors). After 
discarding duplicate records and obvious coordinate errors (i.e., points 
in the ocean and outside New Guinea), there were 3053 endemic 
species with at least five occurrences in separate grid cells.

Environmental variables
Current climate information for 19 environmental variables was 
downloaded from the WorldClim database v 1.4 at 5–arc min 
spatial resolution (c. 10 × 10 km in the equator) (29). Future climate 
information was based on a multimodel ensemble mean of available 
global climate model projections from the Intergovernmental Panel 
on Climate Change Fifth Assessment Report for two representation 
concentration pathways: (i) RCP 2.6, which corresponds to a global 
mean surface temperature change of 1.0°C between 2046 and 2065 
and reflects trends of CO2 emissions based on improved governance 
or a “best-case scenario”; (ii) RCP 8.5, which corresponds to a global 
mean surface temperature change of 2.0°C between 2046 and 2065 
and to the absence of climate change policies or a “worst-case scenario.” 
Soil information for 20 soil variables was obtained from the SoilGrids 
database at 1-km resolution and 1-m depth (30).

We performed a principal components analysis on standardized 
and centered data from 19 current climate variables and 20 soil 
parameters and retained the variables with the highest vector load-
ings. The selected climate variables were temperature isothermality 
(mean diurnal range/temperature annual range; bio 3), minimum 
temperature of the coldest month (bio 6), annual precipitation 
(bio 12), precipitation seasonality (bio 15), and precipitation of 
the warmest quarter (bio 18). The selected soil variables were 
depth to bedrock (BRICM; R horizon), bulk density (BLFIE; fine 
earth), cation exchange capacity of soil (CECSOL), soil organic 
carbon density (OCDENS), pH index measured in KCl solution 
(PHIKCL), weight percentage of silt particles (SLTPPT; 0.0002 to 
0.05 mm), and weight percentage of the sand particles (SNDPPT; 
0.05 to 2 mm).

Species distribution models
We modeled species distributions using Maxent 3.3.3k, a maximum 
entropy algorithm designed for species distribution modeling with 
presence-only data (https://biodiversityinformatics.amnh.org/
open_source/maxent/) (31), which performs well compared to other 
methods (32, 33). To correct for spatial bias among botanical collec-
tions, we used a target-group background sample of all raster cells 
from which at least one botanical record was made for model training. 
Hinge, product, and threshold predictor features were excluded from 
the Maxent algorithm for model training to minimize the chances 
of overfitting (34). As a measure of SDM accuracy, we used the area 
under the curve (AUC) of the receiver operating characteristic plot 
(35). Each SDM was evaluated against a bias-corrected null model 
built with presence locations randomly selected from the target-
group background sample (36). We drew as many random points 

n from cells where collections were made as number of records used 
to develop each SDM and repeated this process 100 times. To test 
for significance, the upper 95% one-sided confidence interval AUC 
value from the randomization was compared to the AUC in the 
developed SDM. SDMs with AUC values higher than the 95th per-
centile of null models were considered to have a significantly stronger 
relationship between presences and predictors than expected by 
chance alone and were retained for further analyses. Overall, we 
retained 2353 significant SDMs (77% of the 3053 SDMs), which 
represent 26% of New Guinea’s endemic plants. All significant SDMs 
were projected to the future climatic conditions for two climate 
change scenarios: RCP 2.6 and RCP 8.5.

Change in species richness and geographic range
To map species richness for current and future conditions, we con-
verted the continuous Maxent predictions to discrete presence/
absence values using the “10 percentile presence” threshold. This 
is a conservative threshold to prevent commission errors (false-
positive predictions) and does not rely on absences, which are miss-
ing. To map species richness for each of the three climate scenarios 
(current, RCP 2.6, and RCP 8.5), we stacked the 2353 presence-
absence SDMs and summed species presences per raster cell. We 
then quantified changes in species’ geographic range by subtracting 
the number of raster cells a species occupied in the current and 
future climate scenarios. To quantify changes at the ecoregion level, 
we downloaded ecoregion data from the World Wide Fund for 
Nature (WWF) (17). For the 390 different polygons—comprising 
20 distinct ecoregions of New Guinea—we calculated species rich-
ness under current and future climate using the presence-absence 
stacked SDMs.

Useful plants across New Guinea’s indigenous lands
To select which of the significant SDMs are used by indigenous people, 
we queried a list of New Guinea useful plants that synthesizes infor-
mation from 488 references published between 1885 and 2018 
(11, 12). There were 720 useful species in our significant SDMs, 
representing 67% of all known 1070 endemic useful species of 
New Guinea. The 720 species belong to 100 plant families, the most 
diverse being Arecaceae (44 species), Rubiaceae (37), Ericaceae 
(36), Elaeocarpaceae (33), and Myrtaceae (31). Useful species have 
3333 different uses (71% of known uses from New Guinea’s endemic 
species), including food (n = 162 species; 232 uses), medicine 
(n = 187; 522), culture (n = 271; 415), and construction (n = 374; 
824). The 720 useful species are cited by a total of 93 indigenous 
groups, with 60% of species cited by one indigenous group and 40% 
cited by at least two indigenous groups. To map useful plant species 
richness across New Guinea’s indigenous lands, we intersected the 
stacked SDMs of useful species with 1030 language areas of Ethnologue 
(www.ethnologue.com) (37). We used language as an indicator of a 
cultural group because language is the primary medium of cultural 
transmission (38). Differences in species richness between current 
and future climate (2070 RCP 2.6, RCP 8.5) were calculated for each 
language area. To explore the relationship between future changes 
in species richness and language endangerment, we obtained the 
language endangerment classification for all indigenous groups in 
our sample from Ethnologue (37), which uses the Expanded Graded 
Intergenerational Disruption Scale (39). All SDM analyses were 
performed in R (40) using commands from the libraries dismo (41), 
raster (42), and rgdal (43).
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Conservation prioritization
We used the Zonation v. 4 software (44) to produce a complementarity-
based and balanced ranking of conservation priority over the entire 
landscape. Zonation iteratively removes the planning units that lead 
to smallest aggregate loss of conservation value, after accounting for 
total and remaining distribution of species, species weights, and 
species-specific connectivity. Because Zonation applies successive 
range-size normalization for all species (44), and species with a 
small range receive higher priority, we did not assign higher weights 
to species with a small range size. To model conservation value in 
the context of climate change, we selected interaction as the connec-
tivity method linking present distributions to future distributions 
(45). As this method links present distributions to future distribu-
tions within a dispersal distance, areas with greater overlap of present 
and future ranges will emerge as priorities. These areas will tend to 
be in regions with more available niche space within dispersal 
distance—and therefore potentially attainable by the species as the 
climate changes. We set a 2000 to 2070 dispersal parameter of 
100 km that resembles the 16.9–km decade−1 median shift to higher 
latitudes exhibited by terrestrial taxa in response to changing climate 
(5). For the cell-removal rule, we used the core area zonation (CAZ) 
rule, which bases ranking on the most important occurrence of a 
species in a cell (rarity), so that even species-poor cells may be identified 
as priorities. To avoid identifying as priorities those cells with low 
habitat intactness, we removed cells with a human footprint score 
greater than 6 [i.e., areas of higher human modification (46)]. Human 
footprint data at a 1-km resolution were downloaded from (46, 47) 
and aggregated to a 10-km resolution. We omitted protected areas 
from solutions, since these areas are already protected. Protected area 
polygons were downloaded from the World Database on Protected Areas 
dataset of the Protected Planet website (https://protectedplanet.net) 
(48), and only “designated” areas that belong to International Union 
for Conservation of Nature protected area categories I to VI were selected.
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